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Abstract 
Sources of clean and sustainable energy are important vectors for economic growth and 
development. The current global energy supply depends heavily on fossil fuels, which in the future 
may have added costs of carbon dioxide emissions. This makes technology such as direct water 
splitting from harvesting solar energy in photo-electrochemical (PEC) systems potentially attractive. 
The principle of this technology utilises semiconductors to absorb photons of energy greater than 
their band gap energy, generating an electron-hole (absence of electron) pair. The hole could oxidise 
water to produce oxygen at the anode, while the electrons could reduce water to form hydrogen at 
the cathode. This project aims to design, model, characterise the performance and optimise a photo-
electrochemical reactor that could efficiently harvest and store solar energy by splitting water to 
produce hydrogen and oxygen. 
α-Fe2O3 ,which is a cheap and abundant material, has shown promise as a photo-anode material, so 
was chosen as the photo-anode in the development of the PEC reactor. α-Fe2O3 thin films were 
produced by spray pyrolysis of alcoholic FeIII solutions onto fluorine-doped tin oxide film on glass. 
Effects of deposition precursor, post deposition heat treatment and SnIV-doping were studied. 
Results showed that both SnIV-doping and heat treatment were required to produce the best results 
(photocurrent of ca. 1-2 Am-2 at applied potential of 0.5 V vs. HgO |Hg). A charge carrier transport 
model was developed to understand and predict the behaviour of the Fe2O3. The model suggested 
that the magnitude of photocurrent was dependent on the photo-electrochemical reaction rate at 
the electrolyte | electrode interface, and would be limited by the intensity of illuminated photon 
flux. Operating the reactor at higher temperatures favoured the electrolysis process in the absence 
of light, but experimental results showed it was unfavourable for the net photo-generation of 
charge. 
A reactor system with a 0.1 m  0.1 m photo-anode, Ti/Pt cathode and cation-permeable membrane 
was built to investigate the effects of operating parameters and operational issues of process scale 
up. COMSOL MultiphysicsTM software was used to model the reactor and to study the reactor 
performance effects of fluid flow, light intensity and electrical potential drop in the thin conducting 
layer on glass. Results showed that at electrode area of 10-2 m2 scale, a significant electrical 
potential drop occurred across the photo-anode, due to its sheet resistance, resulting in non-
uniform distribution of current density / rate of H2 (and O2) production (solar to hydrogen 
conversion efficiency of 0.16%), much of the photo-anode area being inactive. A reactor model 
was developed to provide a better understanding of larger-scale PEC reactor performance and 
was used to re-design and optimise the next reactor prototype.   
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2 
ai Activity of species i  
ci Concentration of species i Mol m
-3 
Di Diffusion coefficient  m
2 s-1 
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c Overpotential for cathode reaction V 
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C Potential drop through catholyte V 
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 Density of electrolyte kg m
-3 
θ Fraction site coverage  
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νi Stoichiometry coefficient of species i  
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Chapter 1:  Introduction 
 
 
 
 
 
 
The motivation of this project is presented in this chapter and various 
route of converting solar energy to fuel was discussed. One of which 
is the photoelectrochemical process which directly harvest the solar 
energy and convert such energy to split water to produce oxygen and 
hydrogen in the same device. Hydrogen was the desired product, 
because hydrogen could be used as fuel and chemical feedstock for 
different processes. The aims and objectives of this thesis is then 
described.  
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1.1. The grand challenge 
Energy is one of the key requirements for economic and technological development of any country. 
This is illustrated by David MacKay (2009) [1] in Figure 1-1, in which power consumption follows a 
logarithmic trends with the GDP per unit capita. 80% of global energy used presently requires 
combustion of fossil fuels, which are not clean and sustainable energy carriers [2]. As a result of this 
heavy dependence on fossil fuels for conversion to thermal and electrical energy, the carbon balance 
(Figure 1-2) has been disturbed, causing accumulation of CO2 in the atmosphere and rapid depletion 
of fossil fuel reserves. The increasing concern about global warming and climate change has put 
significant pressure on politicians, industries and members of the public to decrease their carbon 
footprints. The UK Climate Change Act (2008) imposed a legally-binding, challenging commitment to 
decrease carbon dioxide emissions by at least 80% below emissions in 1990, by the year 2050. The 
mean total power demands in 2011 were ca. 1.51013 W, and is projected to double by 2050 [2]; 
hence, the need of rapidly growing deployment of renewable energies such as solar, wind, 
geothermal and hydroelectric power.  
  
Figure 1-1: Dependence of power consumption of 
selected countries on GDP per capita. 
 
Figure 1-2: Schematic of a simple carbon cycle. 
In comparison with the total mean power demand, 1017 W of solar irradiance is incident on earth 
surface; if harvested efficiently, this could meet the world power demands.  
Figure 1-3 [3] shows that by covering the areas of the black dots with solar cells with just 8 % solar-
to-electricity conversion efficiency, the power generated would be able to close the power gap of 
1.51013 W in the year 2050. The global mean irradiance is ca. 110 W m-2 [1], so very large areas are 
required for harvesting solar power to contribute significantly to CO2 emission abatement. Such 
large area photovoltaic arrays were deployed in the DESERTEC project, in areas of high solar 
Atmosphere
Living organic matter
Dead organics matterFossil fuel
Photosynthesis
Respiration
Combustion 
of fossil fuel
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irradiance such as the Sahara desert is being utilised to produce cheap electrical energy for North 
Africa, Europe and the UK [4]. Electricity produced will then be transmitted directly through high 
voltage direct current transmission cables. This idea of harvesting solar power from places that 
consume less power and distributing it to areas of higher power consumption is interesting; 
however, like most renewable power sources, power availability is highly dependent on weather 
conditions, time of day, and season of the year. Such variations in power outputs create challenges 
for their integration into a grid with varying power demand. Therefore, it is desirable to have an 
energy storage system as a buffer. 
 
Figure 1-3: Map showing the availability of solar irradiance around the world and the black dots are 
the suggested area to be covered by photovoltaic to generate electricity to produce up to 
1.81013 W of power [3].  
  
Figure 1-4. Schematic redox Figure 1-5. Schematic of solid oxide steam electrolyser coupled to 
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flow battery. fuel cell by stored hydrogen. 
 
The solar energy harvested can be stored in: 
 rechargeable batteries, though their low (mass) specific energies (ca. 120 W h kg-1 for Li-ion 
batteries) and (volumetric) energy densities and high costs militate against their use for such 
applications. 
 Redox flow batteries (Figure 1-4), in which liquid phase reactants and products are stored in 
reservoirs external to the electrochemical reactor. 
 Chemical bonds, as in photosynthesis by plants, which convert solar energy and atmospheric CO2 
into glucose: 
 
 + chlorophyll
2 2 6 12 6 2
     respiration    
6 6 6hCO H O C H O O     
Such fuel storage also includes water electrolysis driven by photovoltaic panels and 
photoelectrochemical water splitting to produce hydrogen and oxygen. Figure 1-6 shows a road map 
of possible routes to convert CO2 and solar energy into carbonaceous fuels by artificial 
photosynthetic processes; this thesis focuses on photoelectrochemical production of hydrogen by 
splitting water. 
 
Figure 1-6: Possible routes to capture and convert CO2 and solar energy into fuels that can be stored 
and distributed. 
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1.2. Hydrogen 
Clean and sustainable production of hydrogen is an attractive process. As shown on Figure 1-6, 
hydrogen gas can be fed directly to fuel cells and also chemically reduce CO2 to produce carbon-
based fuels such as methanol and methane. In addition, hydrogen is widely used in the production of 
ammonia, one of the most widely produced chemicals (131 Mtonne in 2010). Presently, ca. 96 % of 
world hydrogen production is by steam reforming of natural gas: 
 4 2 2 22 4CH H O H CO     
In addition to emitting CO2, this process produces hydrogen contaminated with traces of carbon 
monoxide, which poisons platinum catalysts used in fuel cells. Hence, such applications require purer 
hydrogen, as can be produced by water electrolysis, details of which will be discussed in Chapter 2. If 
powered by a fossil fuel fired power plant, the intrinsically clean electrolysis would effectively emit 
CO2 (and other pollutants) at a distance. Renewable energy sources such as solar or wind obviate 
that problem, but presently with increased cost. However, surplus electrical power available 
overnight may carry negative costs, so that energy storage as shown schematically in Figure 1-5 may 
be attractive for power grid level ‘peak shaving’ providing capital costs are acceptable. 
Hydrogen has a very high specific energy and low energy density (Table 2), due to its low density. Its 
storage and transportation, cryogenically or at high pressure, remain economically challenging, 
delaying its deployment as a clean fuel with water vapour as its combustion product, as in fuel cells, 
which can also achieve high energy conversion efficiencies compared to conventional power plants. 
Table 2: Summary of energy density for selected fuel [5] 
 Hydrogen Methane Gasoline Diesel Methanol 
Density / kg m-3 0.0838 0.71 702 855 799 
Energy density 
/ kW h m-3 
3.0 9.1 8,680 10,090 4,030 
Specific Energy 
/ kW h kg-1 
33.3 12.8 12.4 11.8 5 
There are still some milestones  to achieve before hydrogen can be deployed widely as a fuel, e.g. in 
fuel cell-powered electric vehicles with the requisite hydrogen infrastructure. Several major car 
manufacturers predict they will start selling such vehicles by 2015. The McKinsey report [6] further 
supports the feasibility of hydrogen infrastructure in Europe and stated that by the year 2020, fuel 
cell electric vehicle would be competitive with internal combustion powered vehicles. 
6 
 
Presently, hydrogen is stored normally and most economically in compressed gas form at up to 700 
bars in gas cylinders. It is crucial to store hydrogen in a safe and secured environment, because of 
the explosion risk, as hydrogen has very wide flammability limits (4% – 75% in air, and 4% – 95% in 
oxygen) [7]. Alternatively, hydrogen can be stored cryogenically in liquid form at temperatures lower 
than its boiling point of 20.28 K; hence, its liquefaction could be very energy intensive. It is also 
possible to store hydrogen in metal hydrides such as LiAlH4, NaAlH4, and MgH2, which require 
heating to desorb hydrogen [8]. 
The development and growth of the hydrogen economy is highly dependent on the public 
perception of the use of hydrogen as fuel. Studies show that perception is neutral; only a minority 
would relate the use of hydrogen to the Hindenburg incident [9]. Hydrogen is also reported to be 
one of the safest gases [10] as it is non-toxic and due to its low density, it disperses easily and may 
be diluted in the atmosphere at below its flammability limit. Despite the various benefits of using 
hydrogen as the next generation of clean fuel, it is apparent that there are a number of hurdles to be 
overcome. 
1.3. Aims and objectives 
This project aimed to design, model, characterise the performance, scale up and optimise a photo-
electrochemical reactor for water splitting with a target production rate of 10 ml H2 min
-1 ( 1.4 A at 
unity current efficiency, area of 100  100 mm2) and solar-to-hydrogen conversion efficiency of 
10 %[11, 12]. The scope of this project also involved the fabrication and characterisation of spray-
pyrolysed Fe2O3 photo-anodes for use in the photo-assisted electrolyser, which incorporated a single 
100  100 mm2 photo-anode, cation-permeable membrane separating alkaline aqueous hydroxide 
anolyte and catholyte, and a single platinised titanium mesh cathode. 
The project’s objectives were:  
a) Develop an experimentally validated a mathematical model of the photo-anode kinetics as a 
function of the experimental variables. 
b) Develop a mathematical model of the photo-electrochemical reactor for design purposes, to 
focus experimental studies and to aid interpretation of experimental data. 
c) Develop a scalable spray-pyrolysis process for fabricating photo-anodes for oxygen evolution 
Achievement of these objectives required the following tasks: 
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 Determine the effect of heat treatment and doping on the properties of the semiconductor (flat 
band potential and donor density) and subsequently changes to the onset potential for oxygen 
evolution and magnitude of photocurrent. 
 Determine the optimum reactor configuration and operating parameters for maximum 
hydrogen yield. 
 Assess the performance of the spray pyrolytic photo-anodes at 2 different reactor scales. 
1.4. SWOT analysis 
Table 3: SWOT analysis of the photo-electrochemical water splitting process for hydrogen 
production. 
Strengths Weaknesses 
 CO2 emission free power source 
 Sustainable source of energy 
 Possible solution for solar energy storage 
 Extend lives of fossil fuel reserves 
 Regionally independent alternative source of 
energy1 
 Source of high purity hydrogen 
 Low solar energy conversion to hydrogen 
(< 20 % [13, 14]) 
 Insufficient infrastructure to support the 
transport and distribution of hydrogen 
 High cost of production 
Opportunities Threats 
 Localise energy conversion 
 Coupling with fuel cells to generate electrical 
power 
 Hydrogen produced could be used in various 
industrial process such as hydrogenation 
 Development of a more efficient and 
cheaper PV-electrolyser system 
 Development of more efficient solar 
hydrogen generation technology 
 Insufficient government support for R&D of 
required technology 
 
1.5. Structure of thesis 
This thesis consists of 7 main chapters, starting with a description of the technological problem the 
project aimed to address, together with its motivation, aims and objectives. This is followed by a 
short summary of the principles of semiconductor and (photo-)electrochemical systems (chapter 2) 
for use in subsequent chapters.  
In chapter 3, the literature review covers the current state-of-the-art of semiconductors used for 
photo-electrochemical water splitting and photo-electrochemical reactor design. Chapter 4 reports 
the experimental methodology for fabricating and characterising Fe2O3 photo-anodes, their 
application in the photo-electrochemical reactor and its scale up.  
                                                          
1
 The performance of photo-electrochemical water splitting reactor does vary from location with low photon 
flux such as London, to location with high photon flux like the Sahara desert. However, this technology still 
does function in all places. 
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Chapter 5 reports the properties of Fe2O3 spray-pyrolysed on fluorine-doped tin oxide (FTO) glass 
substrates with illuminated areas of about 5 × 5 mm2 and produced from FeIII chloride and 
acetylacetonate precursors. The effects of post-deposition heat treatment, Sn-doping, and of film 
thickness are discussed. Experimental results were used to develop a kinetic model of the charge 
carrier. The model was then used to predict the photoelectrochemical behaviour of any given 
semiconductor. 
 
Chapter 6 focuses on the design and development of the photo-electrochemical reactor. The reactor 
was operated under various operating condition and the performance was discussed. A second 
reactor prototype had been designed in order to improve the reactor hydrodynamics and allow 
more probes to be inserted to the reactor for in-situ measurement. Hydrogen yield of the 
photoelectrochemical reactor was quantified and the solar to hydrogen conversion efficiency was 
calculated. 
Chapter 7 discusses the challenges of scaling up the photo-electrochemical reactor with photoanode 
area of ca. 5 × 5 mm2 to 100 × 100 mm2, firstly using a mathematical model of an electrolyser to 
investigate the potential drop across the fluorine-doped tin oxide (FTO) glass substrate; the 
performances of Fe2O3 deposited onto FTO glass and titanium substrates are compared.  
Finally, conclusions were drawn and possible future work was proposed. 
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Chapter 2:  Principles of Photo-
electrochemical Systems 
 
 
 
 
This chapter explains the concepts and primary equations used 
to describe the behaviour of (photo-)electrochemical systems 
and semiconductors that will be  used in discussion of the results 
this thesis. The differences between photovoltaics (PV) plus 
electrolyser and photo-electrochemical water splitting are also 
discussed. 
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2.1. Principles of electrochemical systems 
2.1.1. Electrochemical thermodynamics 
Electrode processes are heterogeneous chemical reactions involving the transfer of charge to or 
from an electronically conducting electrode, such as a metal or a semiconductor, in an ionically 
conducting electrolyte. A pair of species related by one (Bred) being the reduced (i.e. lower oxidation 
state) form of the other (Box), are known as a redox couple, designated (Box/Bred) the reaction 
conventionally written as a reduction:  
  
, , , ,ox i ox i e red i red i
i i
B e B       (2.1) 
When reaction (2.1) is coupled to a standard hydrogen electrode, the overall cell reaction is: 
 , , 2 , ,
2
e
ox i ox i red i red i e
i i
B H B H

       (2.2) 
For which: 
product reactant
i i i i
i i
G    
   
     
   
   (2.3) 
And the general reaction isotherm is 
 
,
,
2
,0
2
,
ln
red ie
ox ie
red iH
H ox i
a a
G G RT
P a



 
     
  
 (2.4) 
Substitution of: ,elec eqm e eqmG w F E      (2.5) 
with P(H2) = 1 atm. and a proton activity of unity for a standard hydrogen electrode (S.H.E.), enables 
the compositional dependence of electrode potentials is defined by the Nernst equation: 
Nernst Equation: 0 (SHE)
ox red ox redB B B B
E E
,
,
,
,
ln
ox i
red i
ox i
e red i
aRT
F a


 
  
  
 (2.6) 
Using the value of ΔE, one could predict the stability of a given material in a potential-pH diagram as 
a positive value of ΔE indicates that the reaction would be spontaneous.  
2.1.2. Electrode kinetics  
Faraday’s Law relates the mass and electron fluxes of (single) reactions such as (2.1), so the current, I 
at an anode (A) or cathode (C) is a direct measure of the (area) specific reaction rate (r): 
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/
/
/
A C
A C
A C
I
r
A n F

 
 (2.7) 
Dividing the current by an electrode’s geometric area defines the current density, related directly to 
the specific reaction rate: 
 
/
/ / /
A C
A C A C red ox
j
r k C
n F
  

 (2.8) 
By arbitrary convention, current densities (jA) (and overpotentials) for oxidation reactions at anodes 
are positive and those (jC) for reduction reactions at cathodes are negative. Net currents in 
electrochemical reactors must sum to zero to conserve charge (Kirchoff’s 1st law): 
 
0 CAnet jjj  (2.9) 
The rate coefficients kA/C exhibit an experimental dependence on driving forces / overpotentials:  
 
 0 1exp iA
n F
k k
R T
     
  
 
 (2.10) 
 
0 exp iC
n F
k k
R T
    
  
 
 (2.11) 
Where overpotentials η are defined by : 
 eqm
EE 
 (2.12) 
solving equation (2.8) and (2.9) gives the Butler-Volmer  equation: 
 
 
0
1
exp exp
S S
red ox
B B
red ox
n FC C n F
j j
C R T C R T
             
      
     
 (2.13) 
And Eeqm is derived from equation (2.6). At low overpotential, mass transport limitation could be 
neglected and this would simplify the Butler-Volmer equation: 
 
 























TR
Fn
TR
Fn
jj

exp
1
exp0
 (2.14) 
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2.1.3. Transport processes in electrochemical systems 
As electrochemical reaction involves electron transfer at the interface between the electronically 
conducting electrode and ionically conducting electrolyte, transport of reactants and products to 
and from the electrode-electrolyte interface is important to sustain the electron transfer reaction. 
The transport process may be the limiting reaction step, where understanding the transport rate 
become essential to maximise the rate of electrode reaction under transport limited condition.  
The molar flux, Ni of an (infinitely dilute) electro-active solute species i with mobility μm,i to an 
electrode surface is expressed by the Nernst-Planck equation: 
 ,i i m i i i i iz F c D c c          uN  (2.15) 
Where the first term corresponds its migration rate in an electric field, the second term to its rate of 
diffusion driven by concentration gradients, and the third term to its transport rate by convection. 
The (mechanical) ionic mobility μm,i is defined by the Nernst-Einstein equation: 
 
,
i
m i
D
R T
 

 (2.16) 
And according to Faraday’s law, the current density vector perpendicular to the equipotential 
surfaces in the solution is given by: 
  = i
i
F n ij N  (2.17) 
where current densities at an electrode of geometric area, AE, are related to the current (I) by: 
 / Ej I A  (2.18) 
Substitution of equation (2.15) into (2.17) gives :  
 
2 2
, i m i i i i i i i
i i i
F z c F z D c F z c             uj  (2.19) 
When concentration gradients in the solution are negligible (i.e. at current densities well below the 
mass transport limited rate), the diffusion term can be neglected. As the charge neutrality condition 
( 0Q Q   ) holds in the bulk solution: 
 0 icz
i
i  (2.20) 
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the final term reduces to zero, i.e. fluid motion of net zero charge density does not contribute to net 
current densities. In the absence of concentration gradients (i.e. homogeneous electrolytes, 0ic 
), equation (2.19) simplifies to ohm’s law: 
 
2 2ji i i i
i
F z u c     (2.21) 
 j      (2.22) 
where the conductivity, κ is defined by: 
 
2 2
,i m i i
i
F z c     (2.23) 
The electroneutrality condition holds in the bulk solution, but not within the electric double layer 
due to the intense electric field across the electrode | electrolyte interface causing separation of 
charge between the two phases. However, the system as a whole is electrically neutral. 
A material balance on a differential volume element of electrolyte solution can be described with 
the differential conservation law: 
 
ii
i R
t
c



N  (2.24) 
Where Ri is the rate of homogeneous chemical reaction involving species i, occurring simultaneously 
with its electrochemical reaction. Substituting equation (2.15) into equation (2.24), assuming Ri = 0, 
gives: 
 2
, ( )
i
i m i i i i i
c
z F c D c c
t
 

        

u  (2.25) 
Multiplying throughout by ziF and summing over all species i gives: 
 Ni i i i i
i i i
F z c F z F z r
t


    i  (2.26) 
The first term in equation (2.26) = 0, due to electroneutrality (equation (2.20)), and if all 
homogeneous reactions are electrically balanced, the last term is also zero. Hence, electroneutrality 
and charge conservation give: 
 0Ni i i
i
F z j    (2.27) 
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     . 0i i i i i
i i
F z D c z c        u  (2.28) 
In the absence of concentration gradients, 0ic  , so the first and last terms in equation (2.28) = 0. 
The potential distribution then satisfies Laplace’s equation: 
 
2 2 2
2
2 2 2
0
x y z
     

  
      (2.29) 
At steady state, 0ic t  
 
, so equation (2.25) simplifies to: 
 2, ( ) 0i m i i i i iz F c D c c         u  (2.30) 
When excess supporting electrolyte is present in the system, the ionic migration term can be 
neglected, as can the convection term at short times, resulting in Fick’s second law of diffusion: 
 
ii
i cD
t
c 2


 (2.31) 
2.2. Principles of photo-electrolysis 
As the name ’photo-electrolysis’ suggests, absorption by a semiconductor of photons (light) with 
energies greater than its band gap energy (reaction (2.32)) creates electron - hole pairs (excitons), 
which could recombine generating heat (and light in the cases of LEDs) by the reverse of reaction 
(2.32). Alternatively, if the electrons and holes are sufficiently energetic, the holes could oxidise 
water to produce oxygen at the anode by reaction (2.33), while electrons at the cathode could 
reduce water to produce hydrogen by reaction (2.34): 
 
absorption
recombination
( )vb cbsemiconductor h semiconductor h e
    (2.32) 
 2 22 4 4vbH O h O H
     (2.33) 
 22 2 cbH e H
    (2.34) 
The kinetics for photo-electrolysis is similar to those of conventional electrolysis; however, reaction 
rates could be limited by the photon flux and hence limited to the minority charge carrier. A 
platinized titanium cathode was chosen for its catalysis of hydrogen evolution / low overpotential 
performance, and used throughout the experimental work, for which results are reported in this 
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thesis. Hence, the (photo-)anodic oxygen evolution reaction was the rate limiting step and so is the 
main reaction on which discussion is focussed in this thesis. 
2.3. Energetics of photo-electrolysis 
The standard enthalpy of formation of water is -285.8 kJ mol-1, corresponding to 1.49 eV per water 
molecule formed: 
 0 -1
2 2 2
1
 ( )  ( )  ( )         285.8 kJ mol
2
fH g O g H O l H      (2.35) 
This means that a semiconductor would need to provide a minimum potential difference of 1.49 V 
across the anode and cathode (ignoring the potential drop due to resistance in electrolyte and 
overpotential components) to drive the water splitting process under isothermal conditions. In 
addition, the position of the conduction band edge and valence band edge has to enclose the oxygen 
and hydrogen evolution potential, as described by the Nernst equation: 
At 298 K: 
2 2 2
(SHE) / V 1.229 0.059 0.0148 logO H O OE pH P      (2.36) 
 
2 2 2
 (SHE) / V 0 0.059 0.0296 logH O H HE pH P      (2.37) 
Energy balance carried out by Nozik [15] shows that an addition of ca. 1 V is required for 
overpotential for anode and cathode reaction, potential drop in electrolyte, membrane and band 
bending. This adds up to ca. 2.5 V is required to effectively split water. 
Semiconductors which have the conduction band and valence bands straddling the equilibrium 
potentials of oxygen and hydrogen evolution reaction have photo-generated electrons and holes 
sufficiently energetic to split water spontaneously. There is a large global effort aimed at developing 
such materials that meet this and other criteria, such as absorption of a large portion of the solar 
spectrum, stable under oxygen and hydrogen evolution conditions, cheap and abundant. The ideal 
material has yet to be developed; presently, any two possible of the three requirements are 
possible: efficient, cheap and robust. 
2.4. Fundamentals of semiconductors 
Semiconductors are materials with electrical properties intermediate between those of conductors 
and insulators; conductivities result of the movement of excess electrons or holes (electron 
vacancies) in a semiconductor’s lattice. Semiconductors which have excess electrons as charge 
carriers are known as n-type semiconductors, while those with holes as majority charge carriers are 
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known as p-type semiconductors. The behaviour of semiconductors can be manipulated by 
introduction of heterovalent impurities, such as doping silicon with phosphorous(V) for n-type or 
boron(III) for p-type. 
Intrinsic semiconductors have two electron energy bands: a lower energy valence band occupied by 
electrons and a higher energy level unoccupied conduction band [16], with a forbidden range of 
energy levels separating the top of the valence band and bottom of the conduction band, the  
energy difference defining the so-called band gap, usually of ca. 1 – 4 eV [17]. Upon absorbing 
thermal / light energy which is greater than the band gap, an excited electron-hole pair will be 
generated. The probability of finding an electron between the conduction band and valence band 
can be modelled by the Fermi-Dirac distribution in which the Fermi level is defined as the energy 
level at which the probability of finding an electron is 0.5. However, doping produces extrinsic 
semiconductors in which additional energy levels can be introduced within the band gap of intrinsic 
materials; n-type semiconductors have Fermi levels closer to their conduction band, while p-type 
semiconductors have Fermi levels closer to their valance bands [16, 18]. 
The energies of bands of isolated semiconductors in vacuum are ‘flat’, i.e. do not depend on position 
relative to the semiconductor | vacuum interface. However, when a semiconductor is in electrical 
contact with an electrolyte solution or another semiconductor, the Fermi levels in the two 
congruous phases equilibrate by transfer of charge, causing the bands to bend across the space 
charge region |eφsc|, as illustrated in Figure 2-1. The measured electrode potential of the 
semiconductor vs. a reference electrode when the band bending is zero, φsc =0, is termed the flat 
band potential. 
 
Figure 2-1: Band bending of n-type and p-type semiconductors in contact with electrolyte. 
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The degree of band bending can be manipulated by changing the electrode potential. Considering an 
n-type semiconductor as an example, when the applied potential is negative to the flat band 
potential, an accumulation layer is formed, in which electrons (majority charge carriers) accumulate 
at the semiconductor surface. Conversely, if the applied electrode potential is positive to the flat 
band potential, a depletion layer is formed, in which the majority charge carriers at the surface is 
small but still significant. When a greater positive potential is applied to the semiconductor, an 
inversion layer will be formed, in which the concentration of minority charge carriers (holes) will be 
dominant at the surface [17, 19, 20].  
2.5. PV - electrolyser vs. Photo-electrochemical water splitting 
The direct photoelectrochemical (PEC) process harvesting solar energy and storing it by splitting 
water to produce hydrogen and oxygen has been compared to photovoltaic (PV)-electrolyser 
systems [21], since both technologies utilise the same source of energy and produce the same 
products (hydrogen and oxygen). Whereas the former technology is still at the development stage, 
the latter is available commercially, presently with two main options: alkaline water and proton 
exchange membrane electrolysers, each at a wide range of scales. The drive to CO2-free electrical 
energy sources has caused rapid recent developments in photovoltaic devices; 64109 W of PV 
systems [22]  had been installed in > 100 countries by December 2011. Although the technology 
based on crystalline silicon has accounted for ca. 90 % of the solar energy market, thin-film solar 
cells using CdTe, CuInGaSe2 (CIGS), amorphous Si, or microcrystalline Si, have been evolving rapidly 
and are predicted to generate 31 % of global power by 2013. Though the highest photon-to-electron 
energy conversion efficiencies of ca. 25 % for single junction silicon solar cells is approaching the 
theoretical maximum value of 29 %, Si of adequate purity is very energy intensive to produce and it 
is not a strong photon absorber, so thicknesses in PV devices need to be two orders of magnitude 
greater than that (1-2 m) of the very strongly absorbing CIGS. Hence, lower energy content 
materials that are cheaper and easier to fabricate at large scale are being developed, amongst which 
CIGS-based PVs have already achieved energy conversion efficiencies of ca. 20 %. 
The main difference between PV - electrolysers and photo-electrochemical reactors is that the latter 
consist of a single unit of operation operating at ca. 1-10 A m-2, whereas the former needs at least 2 
units of operation, with electrolysers operating at 1-10 kA m-2. From the aspect of system 
optimisation point of view, it is harder to optimise and size the PV electrolyser system accordingly, 
especially if this system is installed at region with seasonal change. During the period when the solar 
radiation is low, the electrolyser would have been over-designed and hence the overall efficiency 
would be lower. On the contrary, photo-electrochemical reactors would be easier to size according 
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to demand and takes less space compared to the PV electrolyser system. The key challenge for the 
PEC system would be increasing the presently low solar energy to hydrogen conversion efficiencies, 
which is currently the subject of a global effort [23-25]. 
 
Figure 2-2: Schematic of differences between PV-electrolyser systems compared to photo-
electrochemical reactors. A) Water electrolysis using clean electrical energy produced by an array of 
PV panels. B) Hydrogen production through photo-electrochemical water splitting reactor. [23] 
The current state of the art for harvesting the solar energy and convert it into fuels such as splitting 
water into hydrogen and oxygen is in the favour of a PV-electrolyser system; however this might 
change as more efficient materials are developed for photo-electrochemical reactors. Ultimately, it 
would be the cost per kg of H2 produced which will determine the choice of technology.  
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Chapter 3:  Literature Review 
 
 
 
This chapter reviews the current state-of-the-art of 
photoelectrochemical water splitting process. Photo-electrodes 
material such as TiO2, Fe2O3 and WO3 were discussed. The result of 
this literature review shows that the general focus on the 
photoelectrochemical water splitting process is on the photo-electrode 
materials development.  Some reactor concepts and design was found 
in the literature, and most of these photo-reactors were focused on 
using artificial UV light radiation and not designed specifically for 
harvesting solar energy. The operating principle of these reactors were 
studied and considered in the design of an efficient 
photoelectrochemical reactor for water splitting. 
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3.1. Photo-electrode materials 
There are 3 general criteria for the selection of photo-electrode materials: 
a) Efficient in capturing solar energy and converting it from electrical to chemical energy; 
b) Stable to electrons, holes, protons and hydroxide, under oxygen and/or hydrogen evolution 
reactions; 
c) Inexpensive and earth-abundant. 
Semiconducting materials can be used to capture solar energy by absorbing photons with energies 
greater than their band gap energy. Hence, semiconductors with smaller band gap energies are able 
to capture a greater portion of the solar energy spectrum. Figure 3-1 shows an AM1.5 solar 
spectrum, which is used for all standardised testing of photovoltaic panels, as it corresponds to the 
overall yearly average insolation for mid-latitudes. The air mass (AM) coefficient defines the direct 
optical path length through the Earth's atmosphere, expressed as a ratio relative to the path length 
vertically upwards at the zenith; AM1.5 corresponds to a solar zenith angle of 48.2°. Taking the 
integral power density from this solar spectrum and mapping it against the thermo-neutral potential 
for splitting water (as discussed in chapter 2.3) and the projection of energy required to split water 
(thermodynamic minimum energy requirement + overpotentials, potential drop in the cell and band 
bending, corresponding to ca. 2,5 eV), a theoretical 20 % maximum solar to hydrogen conversion 
efficiency is predicted. This implies that if a single semiconductor is used to drive this water splitting 
process, the ideal band gap energy required is ca. 2.5 eV, while larger band gap energy would only 
decrease the portion of energy harvested from the solar spectrum. 
 
Figure 3-1: AM 1.5 solar spectrum and the integral power density of the solar spectrum, mapped to 
the thermodynamic energy requirements of water decomposition [26]. 
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The second criterion for the selection of suitable semiconductors is that they need to be stable to 
protons and / or hydroxide ions, holes (i.e. oxidising conditions of oxygen evolution) and/or 
electrons (i.e. reducing conditions of hydrogen evolution). Considering using just a single photo-
anode, while the cathode is a metal, the valence band edge of the semiconductor used as the photo-
anode has to be positive to the oxygen evolution potential, and the oxygen evolution potential 
needs to be within the stability region of the semiconductor, as illustrated in the blue region of 
Figure 3-2. When sufficiently high electrode potential is applied, the photo-generated holes at the 
valence band would be energetically high enough to oxidise water to form oxygen. Depending on 
the setup of the photo-electrochemical reactor (which will be discussed further in chapter 3.3), if the 
chosen photo-active electrode could evolve both oxygen and hydrogen, then both the oxygen and 
hydrogen evolution potential needs to be within the stability region of the selected semiconductor 
as indicated in the red region of Figure 3-2.  
 
Figure 3-2: Potential-pH diagram showing arbitrarily the stability region for a semiconductor across 
water oxidation and reduction reactions; the blue hatched area shows stability only in the oxygen 
evolution reaction while the red hatched area shows stability in both oxygen and hydrogen evolution 
condition. 
Semiconductor 
stability region
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Figure 3-3: Materials selected by European Commission and categorised into high supply risk group, 
mid to low risk supply with low economic importance and the low supply risk but high economic 
importance group [27]. 
For the technology to be deployed at large scale globally, materials of the device need to be 
inexpensive and earth-abundant. Figure 3-3 shows some materials listed by the European 
Commission as critical raw materials. Three particular materials from three different groups were 
highlighted as interesting potential materials as components of photo-anodes: iron, tungsten and 
titanium, as their corresponding oxides, which are n-type semiconductor and stable under oxygen 
evolution conditions. The details of these materials will be discussed further in this chapter. 
3.1.1. Photo-anodes 
3.1.1.1. Titanium dioxide, TiO2 
The feasibility of photo-electrochemical splitting of water was first reported in the 1970s by 
Fujishima and Honda [28-30], using TiO2 as the photo-anode and operated in a chemically biased 
system, with a pH difference between anolyte and catholyte. TiO2 is a promising photo-anode 
material for photo-electrochemical hydrogen production from water splitting because of its 
resistance to dissolution in aqueous environments. This is shown in the potential-pH diagram (Figure 
3-4). Moreover, TiO2 has been widely used in many others light driven processes, such as sanitisation 
of water from organic compound, bacteria and viruses, self-cleaning building materials, antiseptic 
paints and coatings, and paving materials which improve air quality[31].  
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Figure 3-4: Superimposed potential-pH diagrams of titanium, oxygen and hydrogen system at 298 K, 
1 atm. and 10-6 dissolved titanium activity; red lines for anhydrous oxides and black for (metastable) 
hydrated oxides[32].  
The band gap energy of TiO2 is 3.2 eV [33] and mapping this against the solar spectrum in Figure 3-1, 
only 3 % (the UV spectrum) of the solar energy spectrum is harvested. The position of the 
conduction and valence band for TiO2 [34] shows that unassisted photo-electrolysis is impossible 
without an external electrical or chemical bias to drive the water splitting process. There have been 
many attempts to change the band structure of TiO2, such that unassisted water splitting is possible, 
and enable harvesting of solar energy into the visible light part of the spectrum. Reports show that 
incorporating impurities such as cadmium(II), nitrogen, carbon, and zinc oxide [35-40] shifted the 
band gap to allow visible light absorption. Band gap engineering can also be achieved by implanting 
Ar+ or N+ into anatase TiO2 thin films [41-43]. The introduction of impurities to TiO2 changes its 
defect disorder, thus modifying the electronic structure and charge transport properties [44, 45]. 
However, the exact position of the conduction and valence band edges after such shift was not 
reported. Such understanding could aid further materials enhancement and development in terms 
of moving either only the conduction band or valence band to the desired energy level.  
TiO2 has been prepared in a number of ways, and these different preparation methods create TiO2 in 
various forms of morphology, such as thin dense film, nanotube arrays, and spider-like structures 
[46-50]. Reports show that all these different structures yield different photocurrent densities; 
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however, it is not entirely clear if such differences are due to differences in morphologies or in active 
surface areas. TiO2 nanotubes were reported to give excellent charge separation and good photon 
absorption properties [46, 49, 51-54]; however, the TiO2 nanotube arrays can be made only in NaF 
environments, which is challenging to carry out at large scale. The water splitting behaviour of TiO2 
can also be improved by post deposition annealing. Mazare et al reported that flame annealing 
allows rapid transformation of the amorphous nanotubes to a rutile-rich form [55]. Conventional 
annealing would also promote the formation of TiO2 nanotubes into the rutile phase, but cause the 
decay of the nanotube structure. 
3.1.1.2. Hematite, α-Fe2O3 
Iron oxide takes various forms and among all iron oxides, hematite (α-Fe2O3) is the material of 
interest for photo-electrochemical water splitting. From here onwards, the term iron oxide (Fe2O3) 
refers to hematite (α-Fe2O3), unless stated otherwise. Commonly known as rust, Fe2O3 is a cheap, 
abundant and environmentally stable [56]. This makes Fe2O3 an attractive material and has been 
studied widely for photo-electrochemical water splitting. Fe2O3 is reasonably stable over a wide 
range of pH and under oxygen evolution conditions, as illustrated in the potential-pH diagram 
(Figure 3-5). In addition, Fe2O3 which is reddish brown, has band gap energy of ca. 1.9 eV – 2.2 eV 
[57], able to capture the solar energy into the visible light part of the spectrum, capturing up to 
about 30 % of solar energy [58]. As with TiO2, Fe2O3 is not able spontaneously to produce oxygen and 
hydrogen upon light illumination, due to the energy level of its conduction band edge [34]. To date, 
there is no single semiconductor material that is able to split water spontaneously, cheap, abundant 
and stable over long periods of operation. This project accepted this fact and focussed on using 
Fe2O3, a non-ideal photo-electrode as the basis for designing a photo-electrochemical reactor for 
photo-assisted electrolysis of water, but which could accommodate yet-to-be discovered materials 
that could operate without electrical bias. 
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Figure 3-5: Potential-pH diagram of iron-oxygen-hydrogen system at 298 K, 1 atm. and 10-6 dissolved 
iron activity; red lines for metastable system considering Fe(OH)3 rather than Fe2O3 [32]. 
The reaction rate of water oxidation on Fe2O3 has been studied from 2 perspectives: the liquid side 
(formation of possible intermediate species for charge transfer across the interface) and the solid 
state physics (electron-hole transport properties and life time of photo-generated holes). This would 
provide insights into materials engineering methods to increase photocurrent densities and hence 
increase hydrogen and oxygen production rates. Studies showed that the low photocurrent densities 
generated by Fe2O3 are due to: 1) high recombination rates of photo-generated electrons and holes 
[59-61]; 2) slow hole transfer to water [62].  
The defect chemistry of Fe2O3 has been studied [63, 64] in order to better understand what controls 
the lifetimes of photo-generated holes; impurities in the form of dopants such as SiIV, SnIV, TiIV, ZnII, 
and NbV [63, 65-73] create surface defects or trapped states which increase hole lifetimes [74]. The 
most commonly studied dopants are SiIV, SnIV and TiIV, introduction of which would increase the 
magnitude of photocurrent generated and decrease the photocurrent onset potential for oxygen 
evolution [57]. Fe2O3 has high electrical resistivity and reports do show that with increasing Sn
IV 
dopant concentration will significantly decrease the resistance by 10 order of magnitude. Most 
dopants would yield n-type Fe2O3; however, Ingler et al. [75] and Gardner et al. [67] reported that 
introduction of ZnII and MgII produced p-type Fe2O3. If the conduction band edge of p-type Fe2O3 is 
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more energetic than that corresponding to the hydrogen evolution potential, then when coupled 
with n-type Fe2O3, unassisted photo-electrochemical water splitting should be possible. The 
feasibility has been reported [76] of an analogous system using Ca2Fe2O5 as the p-type 
semiconductor and TiO2 as the n-type semiconductor.  
Photocurrent densities produced by Fe2O3 can also be increased by adsorbing oxygen evolution 
catalysts such as iridium oxide [77] or the more earth-abundant cobalt phosphate [78, 79], which 
decrease the overpotential required to evolve oxygen and hence lower the auxiliary potential (bias) 
required by the photo-electrochemical system. The key issue with adding catalyst particles on the 
surface of Fe2O3 is their stability under conditions oxygen gas bubble evolution; it is crucial that 
these nanoparticles do not detach mechanically or dissolve in the electrolyte solution. 
It is also possible to decorate surfaces of Fe2O3 thin films with gold nanoparticles, which in principle 
will enhance the photon conversion efficiency [80]. The plasmonic resonance effect shifts the 
wavelength corresponding to the absorption edge from 500 nm to 600 nm, thus increasing the 
portion of the solar spectrum that could be harvested. 
Fe2O3 can be deposited in a number of ways which will give rise to different surface morphology and 
growth orientations. In general, nano-structured Fe2O3 will produce greater incident photon to 
current efficiencies (IPCEs). One of the few well known morphologies of Fe2O3 is the ‘cauliflower’ 
structure produced by atmospheric pressure chemical vapour deposition [81, 82] that was reported 
to produce an IPCE of 42 % at photon wavelength of 370 nm. This morphology was claimed to be 
unique because it allows high photon absorption of flux and would have short hole path to the 
electrode | electrolyte interface. This further attracts research activities in developing and 
understanding the photo-electrochemical behaviour of Fe2O3 nanotube/nanorod/nanowire array 
which is considered as the optimised morphology (Figure 3-6). It is yet to be verified that the 
relatively higher photo current reported by Kay et al. [82] would be purely due to total surface area 
for water oxidation or the geometry of the morphology.  
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Figure 3-6: Optimised morphology of Fe2O3 which has short hole diffusion path length, maximised 
reaction surface area, and sufficient depth for photon absorption [33]. 
 
Interestingly, Kiwi and Grätzel reported that colloidal suspension of Fe2O3 with average particle 
diameter of 82 nm is able produce hydrogen at pH 11 without any bias applied to the system [83]. It 
was reported it may be possible that the small size of the colloidal Fe2O3 particles shifted the 
conduction band to a more negative (energetic) potential to the reversible hydrogen potential. 
Furthermore, colloidal Fe2O3 of size greater than 50 nm could act as a photosensitizer [84]. 
Chakrabarti et al. [85]shows that cation type defect could be present in nanocrystalline Fe2O3 due to 
strain introduced to the particle, which will probably provide the right band edge in the case for Kiwi 
and Grätzel. The issue with colloidal photo-water splitting process is that both oxygen and hydrogen 
will be produced in the same vessel, which will turn out to be an explosive mixture.  
3.1.1.3. Other possible materials 
There has been a global effort in discovering the “holy grail” material for spontaneous photo-
electrochemical water splitting and over the years, various materials have been investigated. 
Tungsten trioxide, WO3 is among one of the popular candidate that has been studied. Unlike TiO2 
and Fe2O3 which has wide operational stability condition, WO3 is stable only in acidic condition 
where the pH is less than 4. WO3 has band gap energy of 2.7 eV [86], which is able to capture a 
maximum 10% of the solar spectrum shown in Figure 3-1. The unique feature of WO3 is the slow 
recombination rate of photo-generated electron and hole [86]. This allows higher utilisation of the 
photo-generate hole for water oxidation on the surface compared to Fe2O3 and TiO2. Likewise WO3 
also has the same problem as Fe2O3 and TiO2, where its conduction band edge is not energetically 
high enough to spontaneously split water to produce oxygen and hydrogen [87, 88].  
hν
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Figure 3-7: Potential-pH diagram of tungsten-oxygen-hydrogen system at 298 K, 1 atm and 10-6 
dissolved tungsten activity [32].  
Known for electrochromism properties, WO3 has been doped with Li, Si, Ru, Mo and Sn. It was found 
that Sn, Mo and Si doping would enhance the electrochromic behaviour [89] while Ru would 
increase the electrical conductivity [90]. However, introduction of Ru into the bulk of WO3 will also 
changes the carrier traps state which subsequently reduces the photocurrent generated. Despite 
that, it is still possible to have a WO3 | WO3:Mo bi-layer structure which has been reported to 
increase the photocurrent by 20% at applied electrode potential 1.6 V vs. SCE reference electrode 
[90]. Improvements in photocurrent have also been noticed if WO3 is used as a host scaffold for 
Fe2O3 [91], which partly serves as a tandem cell. 
Table 4 lists a number of other materials which has been investigated for photo-electrochemical 
water splitting. The most commonly discussed issues on the materials are regarding their stability, 
efficiency and cost.  
Table 4: List of selected photo-anode materials with its band gap. 
Materials Band gap energy / eV References 
BiVO4 2.5 [92, 93] 
MnO2 2.23 [94] 
SrTiO3 3.2 – 3.5 [95, 96] 
Ag3PO4 2.36 [97] 
Cu(In, Ga)Se2 1.0 – 1.7 [98] 
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3.1.2. Photo-cathodes 
The operation of a photo-electrochemical reactor is not limited to the use of only photo-anodes 
materials. It is possible to use photo-cathode or even both a photo-anode and photo-cathode, which 
could in principle drive the water splitting process without any external bias. Common 
semiconductors like GaAs, GaP and Si can be doped to produce p-type semiconductor and act as as 
photo-cathode. However they are not stable under hydrogen evolution condition and the cost of 
making these materials are relatively high. Metal oxides are considered cheaper materials, and most 
oxides materials are n-type semiconductor. Cu2O is among the few metal oxides which exhibit p-type 
semiconductor properties. The band gap of Cu2O is ca. 2 – 2.2 eV [99], but the potential-pH diagram 
(Figure 3-8) of Cu2O shows that it is not stable under oxygen and hydrogen evolution condition. 
Paracchino et al. [100] shows that nanolayers of Al-doped zinc oxide and titanium oxide is capable of 
increase the life span of Cu2O from ca. 5 minutes to about an hour. Zhang et al. [101] has also 
reported ways of producing a more stable Cu2O by having a layer of CuO on top of the active Cu2O 
but the durability of these materials are still far from a device which needs the material to be stable 
for a few years. Therefore this thesis will only focus on the use of Fe2O3 photo-anode 
 
Figure 3-8: Potential-pH diagram of copper, oxygen and hydrogen system at 298 K, 1 atm, and 10-6 
dissolved coppper activity [32]. 
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3.2. Electrode fabrication 
It is important to have good control on the parameters of the materials that is made such as particle 
size, morphology and materials thickness because these parameters would have an effect on the 
photo-electrochemical behaviour. If these materials are to be produced on a large scale, the rate of 
these materials is produced and the reproducibility of materials is crucial. The following criteria are 
considered for the choice of electrode fabrication method: 
a) Ease of scale-up 
b) Fast deposition rate 
c) Good controls over parameters of the deposited materials (e.g thickness, morphology and 
particle size) 
d) Economic feasibility 
Fe2O3 has been deposited by thermal growth of Fe, pulse laser deposition (PLD), reactive magnetron 
sputtering, dip coating, electrodeposition, atmospheric pressure chemical vapour deposition 
(APCVD) and spray pyrolysis. The method of deposition and condition at which Fe2O3 is being 
deposited are critical as there are various forms of iron oxides. Figure 3-9 shows that under different 
condition, one could form different forms of iron oxides, which some are more stable than the 
others.  
The easiest way to form iron oxide is by heating iron in the presence of oxygen. Wielant et al. shows 
that heating iron in air up to 250oC forms an inner magnetite (Fe3O4) and covered with hematite (α-
Fe2O3) [102]. Fe2O3 formed by this method lacks the control of creating any nanostructure which 
could be advantageous for photo-electrochemical water splitting. 
Pulse laser deposition or atomic layer deposition has been used to produce high purity Fe2O3 and 
this deposition technique has high control over the thickness and composition of Fe2O3 deposited. 
Most of the Fe2O3 deposited would be in ferromagnetic γ – Fe2O3, maghemite phase [103] and a post 
deposition annealing is required to transform these maghemite into hematite, α-Fe2O3. However, 
PLD takes a long time to deposit a small area of material which will be unfeasible to deploy in large 
scale production of Fe2O3 photo-anodes. 
Magnetron sputtering is a process driven by momentum exchange between ions and atoms in the 
material during collision. A “target” is bombarded with energetic positive mono-atomic ions (Ar+) 
creating surface particles from the “target” and these surface particles would then be deposited on 
the surface of the substrate. The Fe2O3 deposited by magnetron sputtering has good adhesion with 
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the substrate and the thickness can be easily controlled. However the doping level of Fe2O3 is not 
easily manipulated, as an alloy target is required in order to introduce the dopant [68]. 
 
 
Figure 3-9: Route map of various path ways to form different type of iron oxides and the 
approximate condition required for such transformation [104]. 
Dip coating, also known as sol-gel, deposits colloidal particles onto selected substrates with good 
control over the nanostructure of particles. Mulmundi et al. [105] reported the fabrication of Fe2O3 
nanorod array using similar deposition techniques, while Boumaza et al. [106] and Deki et al. [107] 
both reported Fe2O3 of different surface morphology due to different precursor used. This 
deposition is compatible with screen printing which makes it an easy to scale process.  
Fe2O3 has also been deposited by electrodeposition, a process which is widely used in the industry to 
coat a layer of metal onto a selected conductive substrate. Kumar et al. and Kleiman-Shwarsctein et 
al. [72, 108] have both deposited reasonably well performing Fe2O3 photo-anodes with Si and Al as 
dopant. This process is able to coat conductive substrate very well at different electrode area scale. 
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However if the substrate is not very conductive (e.g fluorine-dope tin oxide glass), potential 
distribution on the surface will cause uneven materials deposition. 
Atmospheric pressure chemical vapour deposition (APCVD) is well known to produce dendritic 
nanostructure Fe2O3 which exhibits good properties for photo-electrochemical oxidation of water 
[81, 82]. Being a matured technology, APCVD is commonly employed in the thin film semiconductor 
fabrication industry. Although it can cope with high throughput production, the actual area of 
deposition is much smaller than the substrate [109]which will be a challenge to make homogeneous 
large area photo-electrodes.  
 
Figure 3-10: Dendritic nanostructure of Fe2O3 produced using APCVD A) cross section, B) and C) top 
surface [82] 
Spray pyrolysis is a simple, low cost and rapid method for thin film deposition, where fine droplets of 
liquid precursor are sprayed onto a heated substrate. This process has been widely used to deposit 
CdS/Cu2S solar panels and various metal oxides material over the last five decades, proving its 
flexibility and capability to produce good semiconductor material. This process is very sensitive to 
the surface temperature. Both physical and electronic properties of the thin film deposited can 
change significantly if deposited at different surface temperature [110]. Perendnis and Gaukler [111] 
described that there are 4 possible processes that could happen during spray pyrolysis (Figure 3-11). 
(1) If the temperature is too low, precursors droplets only evaporates and decomposes on the 
substrate. (2) If the operating temperature is increased, the solvents will evaporate before hitting 
the substrates leaving the precipitate to decompose on the substrate. (3) When the temperature is 
increased further, the entire precursor solution droplet vaporises and diffuses onto the surface of 
the hotplate where decomposition takes place. (4) Lastly, if the temperature is too high, 
decomposition will takes place in the vapour phase and form solid particles before hitting the 
substrate. This would form a powdery material which will have poor adherence to the substrate. The 
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ideal spray pyrolysis deposition regime would be between the 2nd and 3rd scenario, where the 
precipitate decomposes on the substrate or vapour decomposes on the surface.  
 
Figure 3-11: Schematic of 4 different spray pyrolysis regimes with increasing substrate temperature. 
Besides deposition temperature, the material deposited by spray pyrolysis is also sensitive to the 
type of precursor solution used. It was also reported that Fe2O3 deposited by spray pyrolysis with 
iron (III) acetyl acetonate and iron (III) chloride precursor solution gave good mechanical stability 
while iron (III) nitrate did not adhere well on the substrate [112]. The morphology of the deposited 
Fe2O3 will also change if an ultrasonic nozzle is used during the deposition process. Duret and Grätzel 
[113] showed the Fe2O3 takes a leaflet structure when using an ultrasonic nozzle,  while a compact 
round particulate structure is produced from a normal spray nozzle. Although spray pyrolysis is very 
sensitive to many deposition parameters; these parameters can be controlled, and therefore chosen 
as the deposition method in this project. 
 
Figure 3-12: A) Fe2O3 leaflet structure produced by ultrasonic spray pyrolysis; B) Fe2O3 round 
compact particulates structure produced by standard spray pyrolysis. [113] 
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3.3. Photo-electrochemical reactor 
The reactor is the heart of any chemical processes, and thus a good reactor design will improve the 
overall process efficiency and economic feasibility of the process. A general strategy of designing a 
photo-electrochemical reactor is illustrated in Figure 3-13 where the thermodynamic of the reaction 
is first considered, then the choice of electrode materials and so forth. In parallel to understanding 
the electrode kinetics, there are several design criteria that needs to be considered for a practical 
photo-electrochemical reactor: 
1. Availability for light collection and absorption 
2. Separation of products (O2 and H2) 
3. Uniformed potential distribution for optimised area utilisation 
4. Corrosion resistance to the use of electrolyte 
5. Impermeable to hydrogen, to ensure effective collection of product 
 
Figure 3-13: General strategy for designing a (photo-)electrochemical reactor 
3.3.1 . Electrodes structure 
In a simple electrochemical reactor, there are 2 basic structures: mono-polar and bi-polar electrodes 
(Figure 3-14). In a mono-polar configuration, the electrodes are setup in alternating polarity, while 
the electrodes terminal are connected in parallel, which means each unit operates at the same 
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voltage, and the current flowing through will be the total of individual unit currents. The bi-polar 
configuration has the electrodes only at both ends of the stack, where it is connected to the power 
supply. The electrodes in between are both anode and cathode opposing the polarity of feeder 
electrode. This reactor will be electrically in series and the current flowing through every unit will be 
the same, excluding the bypass current [114]. The bi-polar system is slightly preferred as less power 
dissipation occurs in the external circuit, but it is challenging to make durable and compact 
composited electrodes from different materials. In the study of photo-electrochemical water 
splitting process, most reactors operate in mono-polar configuration while, those which has the 
potential of splitting water without external bias can operate in bi-polar configuration. 
 
Figure 3-14: Schematic of a mono-polar electrodes and bi-polar electrodes 
In photo-electrochemical systems, the use of tandem cell and dye-sensitized cell has been studied 
extensively in order to extend the solar spectrum absorption into the visible light range. The concept 
of both dye sensitizer and tandem structure is to use a more photoactive material (dye or another 
semiconductor) which has a smaller band gap energy at which the conduction band is more 
energetic than the underlying semiconductor thus allowing photo-generated electrons to be injected 
into the underlying semiconductor.  
Dyes with redox system and mediator such as I3
-/I- is commonly used [115]. Upon light illumination, 
the electrons in the dye will be promoted from ground state, S0 to an excited state, S* where 
electrons are then injected to the conduction band of the semiconductor to initiate the current flow 
for water splitting (Figure 3-15). Although dye sensitized cell exhibit much higher efficiency 
compared to a non-sensitized cell, there are still some milestones to be achieved in terms of 
lengthening the lifetime of the dye [116-118]. 
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Figure 3-15: Schematic of a dye sensitized cell for water splitting. 
The key difference between a tandem cell and a dye sensitized cell is that a tandem cell does not 
have a regenerative redox couple to keep the reaction cycle. The ideal coupling of 2 semiconductors 
in a tandem cell will be where the: 
 Semiconductors are resistant to photo-corrosion. 
 Conduction band of the smaller band gap semiconductor should be more energetic than the 
conduction band of the larger band gap semiconductor. 
 Conduction band of the large band gap semiconductor should still be more energetic than 
the reversible hydrogen evolution potential. 
 Electron injection should be fast and efficient [119]. 
 
Figure 3-16: Schematic of a tandem cell for water splitting. 
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3.3.2 . Biasing the photo-electrochemical reactor 
It is most desirable for a single semiconductor to spontaneously split water to produce oxygen and 
hydrogen; however this ideal material is yet to be discovered. There are several ways at which this 
extra energy can be supplied to the photo-electrochemical reactor to drive the water splitting 
reaction. The initial work carried out by Fujishima and Honda was chemically biased where the 
anolyte and catholyte were of different pH [28, 30]. Equation (2.36) and (2.37) in chapter 2 shows 
that each unit of pH difference would provide a potential difference of 0.059 V. The difference in pH 
will also drive the neutralisation process at the anolyte and catholyte interface until equilibrium is 
achieved. In order to maintain the bias potential, constant supply of fresh anolyte and catholyte 
need to be fed into the system which is not necessary desirable when an energy balance across the 
whole system is made, these anolyte and catholyte would need energy from fossil fuel to be 
produced.  
Alternatively, the photo-electrochemical system can be electrically biased, where electricity is 
supplied from either the grid, battery or renewable energy source such as photovoltaic panels 
(Figure 3-17 A and B). A more desirable method is to utilise both a photo-anode and photo-cathode 
as illustrated in Figure 3-17 C [76, 120]. The use of GaInP2 and Ca2Fe2O5 as photo-cathode may not 
be the best choice due to instability of this material under hydrogen evolution condition. Ca2Fe2O5 
will be a promising material if the stability can be further improved.  
 
Figure 3-17: Ways of biasing the photo-electrochemical reactor: A) by battery or power supply; B) 
with a solar cell; C) Coupling a photo-anode and photo-cathode; D) Schematic of required band 
position for photo-anode and photo-cathode couple[120]. 
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3.3.3 . Development progress of photo-electrochemical reactor 
The development of an efficient photo-electrochemical reactor for water splitting is as crucial as the 
development of an efficient photo-electrode and research activity needs to be carry out in parallel. 
Generally, a photo-electrochemical reactor would need at least a window which allow light 
illumination into the reactor, a photo-anode and (photo)cathode as shown in Figure 3-18.  
 
Figure 3-18: A simple schematic on a photo-electrochemical reactor without a separator for the 
product [121]. 
In most reports on the development of the photo-anode, a reactor without membrane is used. As 
the current density is in the order of few Am-2, the amount of hydrogen and oxygen produced is 
negligible, and reaction between dissolved oxygen and hydrogen will be closed to zero. The 
cappuccino cell [122](Figure 3-19) is a good example for a small photo-electrode area (0.5 cm2) used 
in material study. Most reactors use either platinum wire or platinised titanium as the counter 
electrode in order to minimise the overpotential required for hydrogen evolution. Since the 
electrode area is all so small, the effect of potential distribution is insignificant.  
 
Figure 3-19: Components of the cappuccino photo-electrochemical cell [122]. 
H2O + 2H
+  2H+ + ½ O22H
+ +2e- 2H2
e-
Photoanode insert
Quartz window
Clip for Pt wire
Insert for Ag | AgCl | sat KCl
reference electrode
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A single compartment, batch type photo-electrochemical reactor will only be sufficient for lab scale 
material testing, but if this technology is to be deployed in normal everyday life, flow reactors need 
to be considered. Most photocatalytic reactors to date are used in the water treatment industry 
where dissolved organic in waste water is oxidised [31, 123] using particulate semiconductors. These 
systems can be easily operate in a fluidised bed reactor with UV lamp illuminated from inside of an 
annular column or illuminated from the outside[124]. The concept of using suspended Fe2O3 
particles to split water to produce hydrogen suggested by Kiwi and Grätzel [83] can also be applied 
in a fluidised bed reactor. This could achieve high mass transfer rate and therefore gives higher 
conversion of water to O2 and H2. Having the product gas, particles, and liquid all mixed in a reactor, 
the separation process will prove to be challenging. The reverse reaction of O2 and H2 to form H2O 
would heavily reduce the conversion efficiency. Therefore it is necessary to use a membrane to 
separate the gaseous product upon generation.  
 
 
 
Figure 3-20: Schematic of a fluidised bed 
reactor loaded with semiconductor particles 
[124]. 
Figure 3-21: Exploded view of a multiple plate 
electrochemical reactor assembly [125]. 
 
The simplest photo-electrochemical reactor design would be to use planar and parallel electrodes 
with a membrane separating the anolyte and catholyte [114, 126]. A possible planar electrode 
design [125] is to have an assembly of a few plates which forms different compartments and 
meshing a membrane in between as shown in Figure 3-21. This design is easy to fabricate and 
modification on the reactor such as addition or removal of a compartment can be easily made. 
However, slight issue with this reactor design is that the multiple joints will serve as possible spots 
for liquid and gaseous leaks.  
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Midwest Optoelectronics had 2 photo-electrochemical reactor designs: immersion-type (Figure 3-22) 
and substrate-type (Figure 3-23). The immersion type reactor requires the photo-electrode to be in 
direct contact with the electrolyte, and this design suggest the use of a bi-polar type of electrode, 
where the surface facing the top would be the photo-anode, while the opposing surface would be 
the cathode. Having the membrane installed perpendicular to the electrodes would also create an 
uneven potential distribution due to the long proton path (assuming acidic electrolyte), and hence 
reducing the efficiency of the reactor,  as suggested by Haussener et al. [127]. On the other hand, 
the substrate-type photo-electrochemical cell design is essentially a PV-electrolyser system. the 
photovoltaic material is deposited on top of a hydrogen evolution catalyst such as Co:Mo and the 
photovoltaic material was not in contact with the electrolyte. Electrical contact was then established 
between hydrogen evolution electrode and oxygen evolution electrode which is loaded with Fe:NiOx 
catalyst. As both the immersion and substrate type reactor designs are top facing, the gas bubbles 
could get trap on the top surface of the reactor and electrodes causing increasing interfacial 
resistance. The effect of trapped bubbles in the reactor to the performance of the reactor would be 
more significant for the immersion type reactor, where the bubbles will cause light scattering, 
reducing the incident photon flux to the photo-anode and hence further dampens the photocurrent 
output of the reactor. 
 
Figure 3-22: Immersion type photo-electrochemical reactor designed by Midwest Optoelectronics 
[128]. 
 
Figure 3-23: Substrate type photo-electrochemical reactor designed by Midwest Optoelectronics 
[128]. 
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Fan et al. invented a photo-electrochemical reactor which utilises a mirror to illuminate the reactor 
from both side [129]. This is very useful in a system where a photo-anode and photo-cathode is 
used. This concept is based on to having the electrolyte at the core of the reactor, separated by 
membrane where photo-anode is deposited at one side while the photo-cathode at the other side 
(Figure 3-24). The reaction would be highly limited by mass transport of the electrolyte/water 
through the membrane and to the electrodes for reaction to take place.  
 
Figure 3-24: Schematic of a photo-electrochemical reactor which utilises mirror to illuminate both 
sides of the reactor[129]. 
Instead of illuminating photo-anode and photo-cathode from both side, Linkous and Slattery [130] 
suggested a dual bed photo-electrochemical system (Figure 3-25). Utilising the flow system, 
electrolyte can flow through both the anode and cathode chamber for the evolution of oxygen and 
hydrogen in separate compartments. This design not only has an uneven potential and current 
distribution, it will also have mixture of oxygen and hydrogen due to the recycle stream. Dissolved 
oxygen and hydrogen will be carried into the opposing reaction bed, driving the reversible reaction 
and therefore reducing the conversion efficiency. 
 
Figure 3-25: Concept design of a dual bed photo-electrochemical reactor [130]. 
Sunlight
Light transmissive
enclosure
Photo-cathode
Photo-anode
Membrane Membrane
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Aroutiounian et al. reported an improved dual bed reactor where the electrolyte are separated by a 
membrane [131]. Instead of a flat optical window, a light-concentrating optical window and a light-
focusing parabola is used to maximise the photon flux into the reactor (Figure 3-26). This setup does 
not improve on the issue of potential distribution, but the concept of intensifying the photon flux is 
interesting.  
 
Figure 3-26: Improved dual bed reactor with light concentrating optical window [131]. 
Kelly and Gibson also used the same concept of utilising a curved surface to provide intensified 
photon flux onto an immersed PV-electrolyser reactor system in a folded plastic (polyester) bag and 
divided fish bowl reactor (Figure 3-27). Plastic bags or fish bowls would make an interesting material 
for a photo-electrochemical reactor as it is very inexpensive. As the suggested reactor system 
requires approximately 19 litres of 5 M of KOH solution as electrolyte, the mechanical stability of the 
plastic bags may not be strong enough to hold the weight of the highly alkaline electrolyte and will 
be a potential hazard. Having the PV panel immersed in electrolyte, the semiconductor needs to be 
well insulated from the electrolyte in order to avoid degradation of the PV semiconductor material. 
The plastic bag and fish bowl reactor is operating in batch mode; therefore the only way to scale-up 
the reactor system will be by increasing the number of units operating in parallel. Ideally, a flow 
reactor will be preferable to allow continuous operation. 
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Figure 3-27: A) Schematic diagram of a folded plastic bag PV-electrolyser reactor system; B) 
Schematic diagram of a fish bowl PV-electrolyser reactor system [132]. 
A more practical application of the photo-electrochemical reactor which utilises focused and 
intensified light would be a design which uses fibre optic light guide [133, 134]. The fibre optic light 
guide will be coated externally with photo-anode material, in contact with electrolyte solution, 
enclosed with a membrane sheath like Nafion. A porous metal cathode which has electrical 
continuity can be made on the membrane as shown on Figure 3-28. The reactor can be scaled-up by 
having a bundle of these electrode modules in a manifold arrangement as shown in Figure 3-29. It is 
also possible to scale the reactor in the direction of length, but this would depends highly on the 
conductivity of the photo-anode material because it is very challenging to collect the electrons from 
the photo-anode in the radial direction rather than the axial direction.  
 
Figure 3-28: Cross sectional area and schematic of a single fibre photo-electrochemical reactor 
module. 
A B
Fibre optic light guide Electrolyte flow
Electrolyte flow
Photoanode
Ion conducting 
membrane
Cathode
Light
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Figure 3-29: Schematic of a photo-electrochemical reactor with multiple modules of fibres 
As a result of using intensified light source, the water will be heated up. The effect of temperature 
on the photo-electrochemical system has been vaguely investigated. Hong et al. reported that the 
hydrogen yield is greater at higher temperature [52], which is consistent with the theory that with 
higher thermal energy input, the electrical energy required to split water is reduced. The result 
shown by Hong et al. was unclear as the photo-electrochemical reactor was a single compartment 
cell (Figure 3-30), and the gas produced is measured by the pressure built-up in the cell with a 
pressure gauge, which might be due to a combination of vaporisation of water and the gaseous 
product produced. Since there is no current-voltage result reported, the real performance of the 
photo-electrochemical cell at elevated temperature is still unknown. The concept of operating the 
photo-electrochemical reactor at higher temperature is still worth investigating, as increasing the 
temperature could reduce the band gap energy of semiconductor [135, 136], and one could utilise 
the infrared spectrum from the sun to heat up the water.  
 
Figure 3-30: Reactor used to investigate the effect of temperature on the product yield of photo-
electrochemical water splitting [52]. 
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Chapter 4:  Methodology 
 
 
 
This chapter outlines the experimental methodology adopted to obtain 
results discussed in this thesis. The procedure of producing the Fe2O3 
photo-anode is explained in the first section of this chapter. Analytical 
instruments and electrochemical techniques used to characterise the 
photo-anode produced is documented in the following section. The 
general procedure for developing a mathematical model in COMSOL 
can also be found in this chapter. The full model listing can be found 
in the Appendix C. 
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4.1. Materials preparation 
4.1.1. Spray pyrolysis of α-Fe2O3  
Spray pyrolysis was chosen as the method of deposition for Fe2O3 because it is an inexpensive, easy 
to scale process at which the maximum size of photo-anode produced (100 mm x 100 mm) is limited 
by the size of the solar simulator beam. Figure 4-1 shows a schematic of the spray pyrolysis setup in 
the used to deposit Fe2O3 onto a given substrate. The clean substrate is first placed onto the 
hotplate which is heated up to 480oC. The side of the substrate is held by a clamping block which will 
leave about 5 mm of the substrate uncoated with Fe2O3 for electrical connection. A quartz nebuliser 
(Meinhard, US) which acts as the spray nozzle is attached onto a CNC machine (Heiz T-720, 
Germany) at 15 cm above the substrate surface, and the Fe(III) precursor is delivered by a syringe 
pump  at 1 ml min-1. Air is supplied to the nozzle at 50 psig and act as the oxidising agent for the 
formation of Fe2O3. The nozzle is hovered above the heated substrate in zigzag, alternating between 
horizontal and vertical motion. This is to ensure even coating of Fe2O3 on the substrate. After the 
deposition is completed, the samples are then cooled to room temperature before further post-
deposition heat treatment is carried out. Generally, most samples are heat treated at 500oC for 1 
hour in an air filled oven (Elite, UK). 
 
Figure 4-1: Schematic of the spray pyrolysis setup. 
 
1
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3. Syringe pump
4. Quartz nebuliser
5. CNC machine
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4.1.2. Preparation of substrate 
There are 2 substrates being used in this project, one would be a TEC-8 fluorine-dope tin oxide (FTO) 
glass substrate (Hartford Glass Inc., USA), and a 99.9% pure titanium plate (Alfa Aesar, UK). Most of 
the material discussed in this thesis would be referring to the Fe2O3 deposited onto the TEC-8 FTO 
substrate, and only in chapter 7, titanium substrate is used to compare the photocurrent output 
with those of the Fe2O3 deposited onto the FTO substrate. A piece of TEC-8 FTO glass is first cleaned 
with acetone to remove any grease on the surface, and then clean with de-ionised (DI) water in a 
ultrasonic bath for 15 minutes before rinsing with DI water and is then blown dry with compress air. 
The TEC-8 glass is then placed on top of the hot plate ready for deposition. As for the titanium 
substrate, it was first polished with p600 grade and p1200 grade of silicon carbide paper, followed 
with polishing with 300 nm and 50 nm of Al2O3 particles to obtain a mirror-like finish. The substrate 
is then cleaned with acetone and DI water as described in the preparation of TEC-8 FTO glass. Prior 
to any deposition on to the titanium substrate, the metal is first dipped into 0.5 M oxalic acid for 15 
minutes to remove the surface oxide of the titanium substrate, washed with DI water, wiped dry and 
immediately placed on the hotplate ready for deposition. In chapter 7, the thickness of interfacial 
TiO2 is investigated, hence after dipping the titanium substrate in oxalic acid, 6 nm and 12 nm of TiO2 
is deliberately grown in 0.5 M H3PO4 solution at 1 V and 2 V vs. saturated calomel electrode (SCE) 
respectively [137]. After the desired thickness of TiO2 is grown, the substrate is washed with DI 
water, dried and placed immediately on the heated hotplate, ready for deposition.  
4.1.3. Preparation of spray pyrolysis precursor solution 
Two types of precursor solutions are used in the study of spray pyrolysed α-Fe2O3, one which is iron 
(III) chloride, FeCl3 (99.3%, VWR) dissolved in ethanol (99.8%, VWR), and the other is iron (III) 
acetylacetonate dissolved in ethanol, Fe(III)Acac (99+%, Sigma Aldrich). Precursor prepared using 
FeCl3 is named as chloride based precursor while the Fe(III)Acac is named as chloride free precursor. 
Tin (II) chloride (Analytical reagent grade, Fisher Scientific) is used as the dopant for the chloride 
base precursor while tin (II) acetate (99+%, Fisher Scientific) is used as the dopant for the chloride 
free precursor. Following are the list of all the precursors prepared for depositing various α-Fe2O3 
thin films: 
Table 5: List of chloride based precursors 
FeCl3 concentration/ mol m
-3 SnCl2 concentration /mol m
-3 Remarks 
50 - Undoped 
50 0.3 Sn-doped Cl- 
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Table 6: List of chloride free precursors 
Fe(ACAC)3 / mol m
-3 SnAc2 / mol m
-3 Remarks 
50 - Undoped 
50 0.3 Sn-doped acac 
 
4.2. Materials characterisation 
4.2.1. Light absorption and film thickness measurement 
The deposited Fe2O3 on FTO (Hartford Glass Inc., USA) substrate is brownish orange in colour, 
depending on the thickness of the thin film deposited on the FTO substrate (Fig showing 4 different 
tone of Fe2O3). The thickness of the Fe2O3 is then measured by a stylus profilometer (Tencor 
Alphastep 200 Automatic Step Profiler).  The absorption spectrum of the deposited Fe2O3 can be 
measured by a UV-vis spectrometer (Agilent G1103A), where the band gap can be approximated. 
The relation between film thickness and the degree of photon absorption gives the absorption 
coefficient of the deposited material based on Beer Lambert’s law equation: 
 
0 exp( )I I xl     (4.1) 
Where I is the light intensity at depth x into the Fe2O3, I0 is the incident light intensity at the surface, 
while α is the absorption coefficient. The absorption unit, A is expressed by: 
 10
0
log
I
A
I
 
   
 
 (4.2) 
 
Figure 4-2: Fe2O3 of 4 different thicknesses deposited onto FTO glass substrate using FeCl3 and 
Fe(ACAC)3 precursor. 
4.2.2. Surface morphology and surface area estimation 
The surface morphology of the deposited material is imaged with a high resolution field emission 
gun scanning electron microscope (FEGSEM, Germini 1525, UK), at an accelerating voltage of 5 kV. 
The surface area of the given morphology was estimated with image analysis software ImageJ. 
Fe2O3 from FeCl3 precursor
Fe2O3 from Fe(ACAC)3 precursor
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4.2.3. X-Ray diffraction pattern 
X-ray diffraction (XRD, X’Pert Pro model, PANalytical, UK) was used to characterise the 
crystallographic structure of the Fe2O3 deposited on the fluorine-doped tin oxide glass substrate. 
XRD analysis was carried out with x’celerator detector, soller 004 rad and Cu X-ray tube with Kα 
radiation (154.2 pm). The material was scanned along the Gonio axis where 5o  ≤ 2θ ≤ 80o, with step 
size of 0.0167o and scan rate of 0.03o s-1. Tube voltage of 40 kV and current of 40 mA was used 
during the measurement. Measured data was then compared within the international centre of 
diffraction data (ICDD) database for analysis. 
4.2.4. Materials depth profile measurement 
The secondary ion mass spectroscopy (SIMS, Ion-ToF SIMS5) instrument was used to characterise the 
depth profile of the Fe2O3 | TiO2 | Ti samples described in chapter 7. The samples were sputtered 
using a 2keV Cs+ ion beam at 45° to the sample surface. The ion beam current was 150nA and 
rastered over an area of 300 x 300 m2. The analytical region was gated to the central 100x100m2 
of the crater bottom and analysed using a Bi+ ion beam in high current bunched mode (HCBM) (for 
optimal mass resolution) and an ion beam current of 1pA. The CsM+ molecular signals were followed 
in order to avoid matrix effects at the interfaces between the layers of the samples. 
The final crater depths were measured using a stylus profilometer (Tencor Alphastep 200 Automatic 
Step Profiler) and depth calibrations carried out assuming a constant sputter rate throughout the 
samples being analysed. Each layer thickness on the samples was subsequently measured at 50% of 
their maximum value. 
4.3. (Photo)electrochemical measurement 
(Photo)electrochemical measurements are carried out at 2 scales in the work described in this 
thesis. The electrochemical properties of Fe2O3 was studied at an optical bench setup (Figure 4-3), 
while the operating parameters of the photoelectrochemical reactor such as light intensity, 
electrolyte flow rate and operating temperature was carried out under the solar simulator (Figure 
4-4).   
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Figure 4-3: Optical bench where electrochemical 
properties of deposited Fe2O3 were studied. 1) 
Computer; 2) Potentiostat, 3) Lock-in amplifier, 
4) Xe lamp, 5) Monochromator, 6) Faraday cage. 
 
Figure 4-4: Solar simulator rig where operating 
parameters of the photoelectrochemical reactor 
was studied and hydrogen yield was measured. 
1) Photoelectrochemical reactor, 2) Ag mirror, 3) 
Solar simulator, 4) NaOH reservoir. 
 
4.3.1. Photoelectrochemical reactor for material characterisation 
The deposited Fe2O3 electrodes were masked with acrylic lacquer (RS components, UK), leaving only 
an exposed surface area of ca. 3 x 3 mm2. The photoanodes were then inserted into an in-house 
built single compartment photoelectrochemical reactor (Figure 4-5), containing 1 x 10-3 mol m-3 
NaOH solution. The counter electrode (CE) was a platinised titanium mesh, while the reference 
electrode was an in-house made HgO | Hg reference electrode, at which the reference potential vs. 
AgCl | Ag was 78 mV (± 5 mV) in 1 x 10-3 mol m-3 NaOH solution. N2 was bubbled into the electrolyte 
for 15 minutes to minimise oxygen content in the electrolyte at the beginning of the experiment. 
 
 
 
 
Figure 4-5: Setup of the single compartment 
electrochemical cell in the optical bench. 
Figure 4-6: Top lid of the single compartment 
photoelectrochemical reactor, showing the HgO 
| Hg reference electrode, Fe2O3 as working 
electrode, and Pt-Ti mesh as counter electrode. 
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A potentiostat/galvanostat (Autolab PGSTAT302, MetrOhm, UK) was used for voltammetric 
experiments with and without illumination from a 300 W xenon lamp (LOT-Oriel Omni-λ 150). Light 
intensities were measured with an EPP2000-UVN-SR integrating sphere (StellarNet, Tampa, Florida). 
The light was chopped at 87 Hz with a mechanical chopper (Stanford Research Instruments, SR 540) 
and photocurrents were measured with a lock-in amplifier (Stanford Research Instruments, SR 830) 
interfaced to a computer. Electrochemical impedance spectra were measured with a root mean 
square potential of 5 mV over the frequency range 10 Hz to 50 kHz. 
4.3.2. Photoelectrochemical reactor operation under solar simulator 
Photoelectrochemical reactor with photoanode of 0.1 m x 0.1 m surface area was designed and 
setup to operate under a solar simulator (ABET technologies, UK). Effect of operating parameters 
such as light intensity, electrode configuration and operating temperature were investigated in this 
reactor setup. A water bath was used to change the electrolyte temperature and this electrolyte was 
pumped around the reactor with a diaphragm pump (KNF-NF25, UK). The temperature of the 
electrolyte in the reactor was checked with a thermocouple (RS-component, UK). In experiments 
where the effect of light intensity to the photocurrent generated was studied (Chapter 6.5), the 
smaller photoelectrochemical reactor was used, and Fe2O3 with geometrical surface area of 3 cm x 3 
cm was used, in order to fully capture the focussed light source through a Fresnel lens (7” focal 
length, Edmund Optics Ltd, UK). 
Hydrogen gas production rate was then analysed with mass spectrometer (Pfeiffer Vacuum Prisma, 
Aston Analytical, UK) which was pre-calibrated with known diluted flow of H2 and Ar into the mass 
spectrometer.  
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4.4. Materials and photoelectrochemical reactor modelling 
All partial differential equations used to model the transport of photo-generated charge in the Fe2O3 
film and the behaviour of photoelectrochemical reactor were carried out in COMSOL multiphysics, 
finite element software package. The procedure which was adopted was as follow: 
 
Figure 4-7: Methodology through developing a model in COMSOL multiphysics. 
 
  
Results analysis 
Decide on convergence tolerence and number of iterations 
Selection on mesh 
Define boundary condition 
Input required parameters 
Decide on the dimension of the model and geometry 
Identify key differential equations governing the physics of the 
process interested 
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Chapter 5:  Characterisation of spray 
pyrolysed Fe2O3 photo-
anodes  
 
 
 
This chapter presents the characterisation of Fe2O3 that was deposited 
by spray pyrolysis. 2 types of Fe
III
 precursors were used, Fe
III
Cl3 and 
Fe
III
(acac)3. Fe2O3 produced from Fe
III
Cl3 had larger surface area 
compared to those produced from Fe
III
(acac)3. Post deposition heat 
treatment was found to be essential to increase the photocurrent. The 
effect of Sn-doping was found to reduce the recombination rate to 
charge transfer rate ratio. Therefore doping Fe2O3 with Sn was 
necessary. A photo-generated charge transport model had been 
developed. This model was applied to understand and predict 
behaviour of Fe2O3. 
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5.1. Characterisation of undoped Fe2O3 
5.1.1. Effect of FeIII precursor 
As described in Chapter 4, Fe2O3 was prepared from two different precursors: Fe
IIICl3 and Fe
III acetyl 
acetonate (acac). Although Fe2O3 prepared from both precursors has been described in the 
literature, differences in its physical and electrochemical properties has not been reported in detail, 
though were most likely due to the different decomposition mechanisms of FeCl3 and Fe(acac)3. 
Results of thermogravimetric analysis (TGA) and differential thermal analysis (DTA) in Figure 5-1 and 
Figure 5-2, respectively, show that the thermal formation of Fe2O3 from FeCl3 and Fe(acac)3 follows 2 
different reaction mechanisms. Formation of Fe2O3 from FeCl3 goes through an endothermic process 
first that could be associated with initial melting of FeCl3.6H2O. These results resemble those of 
Kanungo and Mishra [138], who suggested that hydrated Fe(OH)2Cl was formed between 220 
oC and 
430 oC, with the second plateau above 485 oC assigned to the formation of Fe2O3. 
 
Figure 5-1: DTA / TG analysis of FeCl3.6H2O. 
The decomposition of Fe(acac)3 was by an exothermic process, associated with deprotonation to 
form Fe(OH)x
(3-x), hydrolysis and nucleation of α-FeOOH or ferrihydride, Fe5HO8.4H2O [139], over the 
range of 180 oC to 300 oC, followed from 300 oC to 439 oC by conversion to the most 
thermodynamically stable iron oxide, Fe2O3. 
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Figure 5-2: DTA/TG analysis of Fe(acac)3. 
SEM images in Figure 5-4 show that that Fe2O3 deposited from FeCl3 was a more porous, triangular 
platelets morphology compared to the Fe2O3 deposited from Fe(acac)3, which was more compact 
with round grains that adopted the template of the underlying FTO substrate (Figure 5-3). It was 
challenging to measure the apparent surface area of these materials as the quantity of the Fe2O3 on 
the FTO glass substrate is very small, precluding the BET technique. The real surface area was 
estimated with image analysis software, ImageJ, from which the surface area of the same superficial 
area 6.62 x 10-12 m2 in Figure 5-4B and Figure 5-4D was estimated as ca. 6.36 x 10-12 m2 and 5.11 x 10-
12 m2, respectively. These results implied that the surface area of Fe2O3 produced from FeCl3 was 
about 20 % higher than that produced from Fe(acac)3. However, this method treated a 3D 
architecture as a 2D image, so the actual surface area of the Fe2O3 produced by FeCl3 could have 
been underestimated.  
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Figure 5-3: SEM image of TEC-8 FTO substrate 
 
Figure 5-4: SEM images of ca. 65 nm Fe2O3 deposited on TEC 8 FTO substrate, using: A – B ) 
FeCl3.6H2O as precursor; C – D ) Fe(acac)3 as precursor. 
The higher real surface area of the Fe2O3 produced from FeCl3 produced higher photocurrent 
densities, as there would have been more sites for the photo-electrochemical reaction: 
 2 24 4 2OH h O H O
     (5.1) 
Fe2O3 produced from FeCl3 (Figure 5-5) and Fe(acac)3 (Figure 5-6) shows that the photocurrent 
density under 30 W m-2 Xe white light irradiation were ca. 0.8 A m-2 and 0.4 A m-2 respectively, at 0.6 
A B
C D
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V vs. HgO|Hg reference electrode. Cyclic voltammograms of the same materials were repeated at 
least three times, and results were consistent with Figure 5-5 and Figure 5-6. In the dark, it was 
evident that a higher oxidation state species was reduced at ca. 0.6 V (vs. HgO|Hg) for the Fe2O3 
deposited from FeCl3 but was not observed for those Fe2O3 produced from Fe(acac)3 sample. Effect 
of heat treatment in chapter 5.1.2 shows that if Fe2O3 produced from Fe(acac)3, similar dark 
reduction peaks at 0.6 V (vs. HgO|Hg) could be observed. Reduction peaks at potential corresponds 
to the light process could be related to the oxygen evolution kinetics which will be further discussed 
in chapter 5.3. 
Figure 5-7 shows Mott-Schottky plots, derived from electrode impedance measurements, for Fe2O3 
produced from both FeCl3 and Fe(acac)3. The lack of linearity at electrode potentials greater than       
-0.2 V (HgO|Hg) imply that the Fe2O3 did not behave as an ideal n-type semiconductor[140], so the 
Mott-Schottky equation (
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) cannot be used legitimately to 
derive the flat band potentials and intrinsic donor densities of the two materials. Such irregularities 
in the Mott-Schottky measurement had been observed by Dareedwards et. al. [60]. It has also been 
reported that the flat band potential varies from values of  0 V (vs. HgO|Hg) to – 0.7 V (vs. HgO|Hg) 
[60, 65, 141, 142]. Hence, these data were used merely to provide estimates of donor densities, 
which were greater in the Fe2O3 produced from FeCl3; this may have been one of the many factors 
responsible for their higher photocurrent densities.  
  
Figure 5-5: Cyclic voltammograms (10 mV s-1) of 
1 mol NaOH dm-3 | FTO | Fe2O3 produced from 
FeCl3 in dark and white (Xe) lamp irradiation (30 
W m-2). 
 
Figure 5-6: Cyclic voltammograms (10 mV s-1) of 
1 mol NaOH dm-3 | FTO | Fe2O3 produced from 
Fe(acac)3 in dark and white (Xe) lamp irradiation 
(30 W m-2). Inset shows magnified current 
density range from -0.02 Am-2 to 0.02 Am-2. 
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Figure 5-7: Mott-Schottky plot at 10 kHz for 1 mol NaOH dm-3 FTO | ca. 65 nm Fe2O3 prepared from 
FeCl3 and Fe(acac)3. 
5.1.2. Effect of post deposition heat treatment 
XRD results in Figure 5-8 show the differences in crystallographic structure of the as-deposited Fe2O3 
and that heat treated after deposition. Results show that the as-deposited Fe2O3 from Fe(acac)3 
precursor was amorphous, as the X-ray diffractogram (i) reflect the spectra of a blank TEC-8 FTO 
substrate. After having heat treated the material in an oven for 1 hour at 500 oC, the characteristic 
peaks of the (110) and (300) crystal planes of Fe2O3 became apparent. This shows that the Fe2O3 
produced from Fe(acac)3 required longer residence times at high temperature to develop the 
crystallinity, unlike the Fe2O3 deposited from FeCl3 which showed no differences between the X-ray 
diffractograms before (iv) and after heat treatment (v).  
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Figure 5-8: XRD of heat treated and non-heat treated Fe2O3 deposited from FeCl3 and Fe(acac)3 
precursors. 
Figure 5-9 shows the colour tone of the different thickness of Fe2O3 deposited from FeCl3 and 
Fe(acac)3; Figure 5-10 shows the difference in colour of the same Fe2O3 deposited from FeCl3 and 
Fe(acac)3 before and after heat treatment. These differences were also evident in the UV-visible 
absorption spectra shown in Figure 5-11 and Figure 5-12, where the absorption spectra of the Fe2O3 
deposited from Fe(acac)3 changes after heating in the oven at 500 
oC for 1 hour but the absorption 
spectra of the Fe2O3 deposited from FeCl3 did not change much after the heat treatment. As the 
blank FTO which also absorbs in the UV was taken as the background scan, the absorption spectrum 
of all subsequent samples would show no absorption below 320 nm like in Figure 5-11 and Figure 
5-12. If the absorption spectrum of Fe2O3 below 320nm is desirable, quartz substrate should be 
used. However, the use of quartz substrate might change the morphology of Fe2O3 and subsequently 
changes the properties of the deposited Fe2O3. 
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Figure 5-9: 4 different thicknesses of Fe2O3 
produced from FeCl3 and Fe(acac)3 after heat 
treatment for 1 hour at 500 oC. 
Figure 5-10: Colour differences between heat 
treated Fe2O3 and non-heat treated Fe2O3 
produced from FeCl3 and Fe(acac)3. 
 
 
 
 
Figure 5-11: Absorption spectra of heat treated 
and non-heat treated Fe2O3 deposited Fe(acac)3. 
 
Figure 5-12: Absorption spectra of heat treated 
and non-heat treated Fe2O3 deposited from 
FeCl3. 
Having measured the film thickness of the deposited Fe2O3 with a stylus profilometer, the absorption 
coefficient (l) was estimated from the Beer-Lambert equation: 
  0 expI I xl     (5.2) 
where ln (I/I0) is the absorption, α is the absorption coefficient and x is the depth to which light 
penetrates. The absorption coefficients of Fe2O3 deposited from FeCl3 at 450 nm was estimated from 
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Figure 5-13 as 2.5 x 107 m-1 before and 3.1 x 107 m-1after heat treatment, whereas the corresponding 
parameters for materials prepared from Fe(acac)3 were 1.3 x 10
7 m-1 for non-heat treated and 
1.6 x 107 m-1 for heat treated Fe2O3. These absorption coefficients were similar to the reported value 
of 1.6 x 107 m-1 [82]. The non-zero intercept obtained from the absorbance-film thickness plot was 
due to uncompensated reflectance and diffraction of light.  
 
Figure 5-13: Example of estimating the absorption coefficient of Fe2O3 deposited from FeCl3.  
Error! Reference source not found. shows that there was little difference between the ‘dark’ cyclic 
voltammograms (10 mV s-1) of Fe2O3 deposited from FeCl3, before and after heat treatment, whereas 
Error! Reference source not found. shows that the as-deposited Fe2O3 prepared from Fe(acac)3 
produced very low current densities compared with the corresponding heat treated material. The 
‘dark’ current densities of the Fe2O3 produced by FeCl3 were at least an order of magnitude greater 
than those produced from Fe(acac)3. This may have been due to the open structure (Figure 5-4) of 
the Fe2O3 produced from FeCl3, allowed electronic contact between the FTO and electrolyte. On the 
other hand, as-deposited Fe2O3 produced from Fe(acac)3 was dense, compact and amorphous, but 
after heating it for 1 hour at 500 oC, crystallisation occurred and significantly increased its 
conductivity. The conductivity  of amorphous Fe2O3 deposited from spray pyrolysis has been 
reported [143] as ca. 5 x 10-6 S cm-1, which increased to ca. 2.5 x 10-5 S cm-1 after heating to 480 oC. 
During the spray pyrolysis deposition process, the surface would have been cooled by the incoming 
spray, resulting in a different deposition regime (see Chapter 3.2), so that and the surface of the 
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substrate would have been partially oxidised or un-oxidised Fe(acac)3, which was more resistive than 
Fe2O3. As a result, further heating at 500 
oC would have promoted complete conversion to Fe2O3. 
When the samples were illuminated under white (Xe) lamp of 30 Wm-2, Fe2O3 deposited from FeCl3 
did not show much difference between the heat treated and non-heat treated Fe2O3 (Figure 5-15). 
On the contrary, Fe2O3 which was deposited from Fe(acac)3 showed that heat treatment could 
increase the magnitude of photocurrent and also shifts the onset potential for photoelectrochemical 
oxygen evolution process in the cathodic direction (Figure 5-17). This observation further concur 
with the hypothesis of incomplete conversion of Fe2O3 from the Fe(acac)3 during the spray pyrolysis 
process.  
  
Figure 5-14: ‘Dark’ cyclic voltammograms (10 
mV s-1) of undoped Fe2O3 | FTO prepared from 
FeCl3 precursor in 1 mol NaOH dm
-3. 
Figure 5-15: Light intensity normalised cyclic 
voltammograms (10 mV s-1) of undoped Fe2O3 | 
FTO prepared from FeCl3 precursor in 1 mol NaOH 
dm-3 under white (Xe) lamp irradiation. 
 
 
 
Figure 5-16: ‘Dark’ cyclic voltammograms (10 
mV s-1) of undoped Fe2O3 | FTO prepared from 
Fe(acac)3 precursor in 1 mol NaOH dm
-3 . 
Figure 5-17: Light intensity normalised cyclic 
voltammograms (10 mV s-1) of undoped Fe2O3 | 
FTO prepared from Fe(acac)3 precursor in 1 mol 
NaOH dm-3 under white (Xe) lamp irradiation. 
 
 
-0.20
-0.10
0.00
0.10
0.20
0.30
0.40
0.50
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
Non-heat treated
heat treated
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
N
o
rm
a
li
se
d
 C
u
rr
e
n
t 
D
e
n
si
ty
 A
 W
-1
Electrode Potential (vs HgO|Hg) / V
Non-heat treated
heat treated
-0.04
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
0.04
0.05
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
Non-heat treated
Heat treated
-0.01
0.00
0.01
0.02
0.03
0.04
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
N
o
rm
al
is
e
d
 C
u
rr
e
n
t 
D
e
n
si
ty
 A
 W
-1
Electrode Potential (vs HgO|Hg) / V
Non-heat treated
heat treated
63 
 
5.2. Tin-doped Fe2O3 
The conductivity of pure Fe2O3 (made from sintered, and compressed Fe2O3 powder) at room 
temperature has been reported [66] as ca. 10-12 S cm-1, close to that of an insulator ( ≤10-14 S cm-1). 
Introduction of impurities such as SnIVO2 into Fe2O3 would increase the electronic conductivity of 
Fe2O3 greatly, causing it to exhibit more semiconductor-like properties; addition of 1% Sn
IV to Fe2O3 
caused the conductivity to increase  from 10-12 S cm-1 to 10-4 S cm-1 [66]. 
5.2.1. Effect of Sn doping 
The effect was studied of SnIV doping of Fe2O3 deposited from Fe(acac)3 and FeCl3. In order to rule 
out the uncertainty of incomplete conversion of Fe2O3 and crystallinity, only heat treated materials 
were considered. The SEM images in Figure 5-18 show no difference on surface morphologies as a 
result of SnIV-doping. 
 
Figure 5-18: SEM images of A) undoped Fe2O3 deposited from Fe(acac)3; B) Sn-doped Fe2O3 
deposited from Fe(acac)3; C) undoped Fe2O3 deposited from FeCl3; Sn-doped Fe2O3 deposited from 
FeCl3. 
The effect of SnIV doping was most apparent for Fe2O3 deposited from Fe(acac)3, as the apparent 
donor density of the heat treated Fe2O3 increased from 2.2 x 10
24 m-3 to 3.5 x 1025 m-3 (Figure 5-19), 
as derived from the Mott-Schottky equation (
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). As a result of 
the increased apparent donor density, photocurrent densities increased from ca. 1 A m-2 to ca. ca. 3 
A m-2 at 0.5 V vs. HgO | Hg (Figure 5-20). The cyclic photo-voltammogram in Figure 5-20 also shows 
that the on-set potential for oxygen evolution occur at ca. 0.1 V vs. HgO | Hg; plateau current 
A B
C D
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densities the oxygen evolution reaction between 0.3 V and 0.6 V were shown to be limited by 
photon flux / concentrations of photo-generated holes (Equation (5.1)). 
  
Figure 5-19: Mott-Schottky plots for   
1 mol NaOH dm-3 | heat treated Sn-doped and 
undoped Fe2O3 deposited from Fe(acac)3. 
Figure 5-20: Cyclic voltammograms (10 mV s-1) 
of 1 mol NaOH dm-3 | heat treated Sn-doped 
and undoped Fe2O3 deposited from Fe(acac)3, 
under 30 W m-2 white (Xe) light. 
 
On the other hand, Fe2O3 deposited from FeCl3 did not show an obvious increase in apparent donor 
density (Figure 5-21), but SnIV-doping still produced significant increases in photocurrent densities 
(Figure 5-22). Two possibilities were considered for high apparent donor densities being derived for 
the undoped Fe2O3 produced from FeCl3. Firstly, traces of residual Cl
- ions within the Fe2O3 film [138] 
could have contributed to apparent donor densities, but were essentially in-active to photo-
electrochemical oxidation because of their low surface (and bulk) concentration; this appeared 
improbable to explain such a large increase in donor density. Secondly, the electrolyte was partially 
in contact with the FTO substrate, due to the open structure of Fe2O3 deposited from FeCl3 
precursor; this would have distorted the Mott-Schottky data. The depressed semi-circles in the 
impedance spectra (Figure 5-23) shows that the material was porous and confirmed the second 
hypothesis suggested above. 
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Figure 5-21: Mott-Schottky plots of 
1 mol NaOH dm-3 | FTO | heat treated Sn-doped 
and undoped Fe2O3 deposited from FeCl3. 
Figure 5-22: Cyclic voltammograms (10 mV s-1) 
of 1 mol NaOH dm-3 | FTO | heat treated Sn-
doped and undoped Fe2O3 deposited from 
FeCl3, under 30 W m
-2 white (Xe) light. 
Figure 5-23 shows enormous differences in the impedance spectra of undoped and SnIV-doped Fe2O3 
prepared from FeCl3-SnCl4 precursors, despite the small difference in the donor density as a result of 
doping. The impedance spectra were fitted to the charge transfer model described by Upul et al. 
[144], enabling derivation of the ratio krecom/ktransfer of photo-generated charge recombination rate 
coefficient to the rate of charge transfer to oxygen evolution reaction on the surface; krecom/ktransfer at 
electrode potential 0.3 V (vs. HgO | Hg) was 9.49 for the undoped Fe2O3, and 0.27 for Sn-doped 
Fe2O3. 
 
Figure 5-23: Electrochemical impedance spectra of FTO | un-doped and SnIV-doped Fe2O3 | 
1 mol NaOH dm-3 at 0.3 V (HgO | Hg), under 30 W m-2 white (Xe) light illumination. 
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5.2.2. Effect of SnII and SnIV as doping precursors 
Sn4+ was reported [145, 146] as the most energetically favourable defect cluster for partially 
substituting the Fe3+ octahedral sites and partially occupying the interstitial sites, though annealing 
was necessary to ‘activate’ these dopants [147] to enhance photocurrent densities. This may have 
been due to Sn2+ instead of Sn4+ which was substituted in the Fe3+ lattice, and hence not enhancing 
photocurrent densities for water splitting. In this project, SnCl2 and SnCl4 were used as the dopant 
starting materials with FeCl3 precursor. The cyclic voltammograms (Figure 5-24) of the Fe2O3 
materials under 80 W m-2 white (Xe) lamp irradiation shows that the Fe2O3 doped with SnCl4 
exhibited greater photocurrent densities than when doped nominally with SnCl2. Apparent donor 
densities derived for the SnCl4-doped material were greater (Figure 5-25) than for the SnCl2-doped 
material, probably due to unreacted SnCl2 and SnO formation instead of the desired SnO2 to dope 
Fe2O3. 
  
Figure 5-24: Cyclic voltammogram (10 mV s-1) 
of 1 mol NaOH dm-3 | non-heat treated Sn-
doped Fe2O3 prepared from SnCl2 and SnCl4, 
under 80 W m-2 white (Xe) light irradiation. 
Figure 5-25: Mott-schottky measurement of 
1 mol NaOH dm-3 | non-heat treated Sn-doped 
Fe2O3 prepared from SnCl2 and SnCl4. 
After heating the same Fe2O3 material in the oven at 500 
oC for 1 hour, the photocurrent produced 
by both materials were almost identical (Figure 5-26). The Mott-Schottky plot in Figure 5-27 
measurement also shows matching flat band potentials and donor densities. Given the same starting 
concentration of SnCl2 and SnCl4, the heat treatment process, would have oxidised all of the Sn
2+ 
completely to form Sn4+, so the semiconductor properties such as flat band potential, donor density 
and photocurrent generated would then be expected to be the same. 
-1.00
0.00
1.00
2.00
3.00
4.00
5.00
-0.4 -0.2 0 0.2 0.4 0.6 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
SnCl2
SnCl4
y = 1.33E+03x + 4.43E+02
y = 5.62E+01x + 2.07E+01
0.0E+00
1.0E+02
2.0E+02
3.0E+02
4.0E+02
5.0E+02
6.0E+02
7.0E+02
8.0E+02
9.0E+02
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1
/ 
C
p
2
 /
 m
4
F-
2
Electrode potential ( vs. HgO | Hg) / V
SnCl2
SnCl4
EFB = – 0.368  V
ND = 1.04 x 10
27 m-3
EFB = – 0.333  V
ND = 4.42 x 10
25 m-3
67 
 
  
Figure 5-26: Cyclic voltammograms (10 mV s-1) 
of 1 mol NaOH dm-3 | heat treated Sn-doped 
Fe2O3 prepared from SnCl2 and SnCl4, under 80 
W m-2 white (Xe) light irradiation. 
Figure 5-27: Mott-Schottky plot for 
1 mol NaOH dm-3 | heat treated Sn-doped Fe2O3 
prepared from SnCl2 and SnCl4. 
Having SnCl4 as the starting material may not be sufficient to effectively doped Fe2O3. As shown in 
Figure 5-28, photocurrent densities generated from non-heat treated material did not approach 
those corresponding to photon flux limitation, indicating that photo-generated electrons and holes 
were recombining at a faster rate than that at which holes were oxidising water to evolve oxygen. 
Despite the higher apparent donor densities for the non-heat treated SnCl4-doped Fe2O3, it may not 
reflect the true effective donor density, and heat treating the material would reorganise the 
structure of SnIV to form a more energetically favourable state, as predicted by Frank et al. [145, 
146]. 
 
Figure 5-28: Cyclic voltammograms (10 mV s-1) for 1 mol NaOH dm-3 | non-heat treated and heat 
treated SnIV-doped Fe2O3 prepared from SnCl4, under 80 W m
-2 white (Xe) light irradiation. 
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5.2.3. Effect of film thickness 
Thicker Fe2O3 should absorb more photons and subsequently generate higher photocurrent 
densities. According to Beer-Lambert’s equation (4.1), 63% of the incident photons would be 
absorbed if the thickness of Fe2O3 is the same as the absorption depth, κλ
-1. The absorption 
coefficient for a heat treated, SnIV-doped Fe2O3 at 450 nm was estimated to be 1.6 x 10
7 m-1, which 
corresponded to absorption depth of ca. 62 nm (Figure 5-29). The light intensity normalised net-
photocurrent density measurement at 450 nm showed that there was no further increase in 
photocurrent if Fe2O3 thicker than its absorption depth was prepared (Figure 5-30). This is most 
likely due to the slow photo-generated hole transport mechanism from the bulk of the 
semiconductor to the surface of the Fe2O3 for reaction. Photo-generated hole in the bulk would 
recombine with electrons and hence not generating photo-current. Details of such transport 
mechanism are discussed in the model described in chapter 5.3.2.  
  
Figure 5-29: Absorption coefficient of heat 
treated SnIV-doped Fe2O3 prepared from 
Fe(acac)3 and Sn(ac)2.  
Figure 5-30: Effect of electrode potential on light 
intensity (450 nm) normalised net-photocurrent 
densities for 1 mol NaOH dm-3 | heat treated SnIV-
doped Fe2O3 of different film thickness. 
  
5.3. Oxygen evolution kinetics on Fe2O3 
5.3.1. Electrochemical and photo-electrochemical reactions on Fe2O3 
(Photo-)Electrochemical reactions were required to be assigned to the current density-electrode 
potential data measured. The reversible potential for oxygen evolution at basic condition can be 
written as: 
 
2 2 2
2 2
10
4 2 4
(SHE) / V 1.229 0.0592 0.0148logO H O O
OH O H O e
E pH P
   
  
 (5.3) 
y = 1.614E-02x + 2.252E-01
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Assuming the partial pressure of oxygen is 105 Pa and operating at 1 x 103 mol m-3 NaOH, the 
reversible potential for oxygen evolution is 0.4 V (vs. SHE), which corresponds to 0.3 V (vs. HgO|Hg) 
by correcting against the reversible potential for mercury oxide: 
 
22 2
(SHE) / V 0.9256 0.05916HgO Hg
HgO H e Hg H O
E pH
    
 
 (5.4) 
Figure 5-31 shows cyclic voltammograms (10 mV s-1) of a SnIV-doped, heat-treated Fe2O3 prepared 
from a chloride based precursor, under 30 W m-2 white (Xe lamp) irradiation and in the dark. The 
dark current increased exponentially at potentials > ca. 0.5 V (vs. HgO | Hg) due to the electron-
driven oxygen evolution process. When the Fe2O3 photo-anode was irradiated with light, the hole-
driven oxygen evolution process occurred at ca. 0.2 V (vs. HgO | Hg), giving rise to a photovoltage of 
ca. 0.4 V to drive the oxygen evolution process. The light-driven oxygen evolution process was rate-
limited by photo-generated holes at potentials between 0.4 V and 0.6 V (vs. HgO | Hg), before the 
rate of the electron-driven oxygen evolution reactions started to predominate. The inset of Figure 
5-31 shows that on the negative-going potential scan from the positive potential limit for the dark 
process, a small reduction peak was observed, suggesting the formation of oxidised species during 
the positive-going potential scan was reduced at the subsequent negative-going potential scan. This 
was probably due to the reduction of an adsorbed species on the surface as agitation did not change 
the magnitude of the reduction current peak. 
 
Figure 5-31: Cyclic voltammograms (10 mV s-1) for 1 mol NaOH dm-3 | Sn-doped, heat treated Fe2O3 
prepared from a chloride-based precursor, under 30 Wm-2 white (Xe) lamp irradiation and in the 
dark. Inset shows the magnified dark current in the range of 0.4 V to 0.8 V (vs. HgO | Hg). 
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The reduction peak at 0.6 V (vs. HgO | Hg) occurred only when the upper limit of the positive-going 
potential scan was > 0.65 V (vs. HgO | Hg), suggesting the formation of highly oxidising intermediate 
in the oxygen evolution process. Mapping the potentials on the potential-pH diagram of O-H system 
and Fe-O-H system, there are 2 possible reactions which may correspond to the reduction at 0.6 V 
(vs. HgO | Hg): 
 
2
4 2 3
2
4 2 3 2
2
10 4
2 10 6 5
(SHE) / V 2.219 0.0986 0.0197log ( )
FeO Fe O
FeO H e Fe O H O
E pH FeO
  

  
  
 (5.5) 
 
2 2
2 2
10 2
3 2 2
(SHE) / V 2.109 0.0887 0.0296log ( )
HO H O
HO H e H O
E pH HO
  

  
  
 (5.6) 
Assuming the dissolved activities of FeO4
2- and HO2
- somewhat arbitrarily to be 1 x 10-6, the 
reversible potentials of both FeO4
2- and HO2
- at pH 14 are 0.62 V and 0.59 V (vs. HgO | Hg), 
respectively, though these are for the solution phase rather than adsorbed product species. 
 
Figure 5-32: Cyclic voltammograms (10 mV s-1) for 1 mol NaOH dm-3 | Sn-doped, heat treated Fe2O3, 
prepared from chloride based precursor, in the dark, with 0.6 V, 0.65 V, 0.7 V, 0.75 V and 0.8 V (vs. 
HgO | Hg) as upper potential limits. 
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As shown in Figure 5-33, this reduction was sensitive to potential scan rate; on increasing the scan 
rate from 1 mV s-1 to 10 mV s-1, the reduction profile at 0.6 V became more prominent, and at higher 
scan rates, a subsequent reduction was observed at ca. 0.15 V and around – 0.2 V to – 0.4 V (vs. HgO 
| Hg). According to predictions in the Fe-O-H potential pH diagram for stable species (Figure 3-5), no 
obvious reactions could occur between 0.2 V down to – 0.4 V, other than oxygen reduction at 
potentials <– 0.3 V (vs. HgO | Hg)  where 
2 2
 vs. HgO Hg 0.303 VO H OE  . The multiple reduction 
reactions on the negative-going scan from the positive potential limit suggests multiple steps of 
adsorbed oxy-species formed by the mechanism of the oxygen evolution process.  
 
Figure 5-33: ‘Dark’ cyclic voltammograms at different scan rates for 1 mol NaOH dm-3 | Sn-doped, 
heat treated Fe2O3. 
5.3.2. Kinetic modelling of photo-generated charge carriers in Fe2O3 
An extended kinetic model of photo-generated charge carriers in Fe2O3 was developed, based on 
that developed by Albery and Bartlett [148], in order to further understand the effects of 
controllable material parameters such as doping density and film thickness would have on 
photocurrent densities. This model focused on the generation and transport of photo-generated 
charge, coupled to reaction at the photo-anode | solution interface. As Fe2O3 is an n-type 
semiconductor, with majority charge carriers (electrons) and minority charge carriers (holes), the 
flux of these photo-generated holes were assumed to limit overall photocurrent densities. This time 
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dependent model was expressed by the following equation for hole transport by 1-D diffusion (1st 
term on RHS) and migration (2nd term on RHS): 
 0
1
exp( )h hh h h h recom h
dc dcd d
D z F c I x k c
dt dx dx dx
l
l

 

 
             
 
 (5.7) 
Where the third and fourth terms correspond respectively to the rate of photo-generation of holes 
under monochromatic light, and their pseudo-first order recombination with electrons, the majority 
carriers. Dh is the diffusion coefficient of photo-generated holes, ch is the concentration of photo-
generated holes, µh is the mobility of photo-generated holes, ɸ is the electrode potential vs. flat 
band potential, x is the depth of the semiconductor from the electrolyte | electrode interface into 
the electrode | FTO interface. Io is the incident photon concentration on the electrode surface, while 
κλ is the absorption coefficient of the semiconductor and krecom is the recombination constant of the 
photo-generated charge.  
For photon energies from the irradiating monochromatic light greater than the band gap of the 
Fe2O3, electron-hole pairs are generated by: 
 2 3 2 3( )h Fe O Fe O e h
    (5.8) 
Electrons are transported to the cathode, at which hydrogen evolution occurs by the reaction: 
 2 22 2 2e H O H OH
     (5.9) 
And the photo-generated holes (h+) are transported to the Fe2O3 | solution interface, at which 
oxygen evolution occurs by the reaction: 
 2 24 4 2h OH O H O
     (5.10) 
The oxygen evolution reaction is a multi-step reaction, which probably involves oxidation of Fe(III) to 
higher oxidation state surface sites or/and adsorbed HO2
- species as described in reaction (5.5) and 
reaction (5.6). In order to simplify the problem, only adsorption of HO2
- species were considered: 
 
2
2
2 23 2
k
k
OH h HO H O

     (5.11) 
 32 2 22
k
HO h OH O H O       (5.12) 
Reaction (5.11) was the overall reaction for the following reaction steps: 
 
22 ( )OH h O ads H O
      (5.12) 
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2( ) ( )O ads OH h HO ads
       (5.12) 
It was assumed that reaction (5.12) is the rate limiting step and is not limited by the highly 
concentrated OH- (pH 14 solution). 
Reaction (5.12) was the overall reaction for the following reaction steps: 
 
2 2 2( ) ( )HO ads OH h O ads H O
         (5.12) 
 
2 2( )O ads h O
     (5.12) 
In order to minimise the number of variable, it was assumed that reaction (5.12) is the rate limiting 
step, and since photo-generated holes were generated at the first instance, it should be in excess 
relatively to the adsorbed species, hence a pseudo first order of reaction with respect to the surface 
site of HO2
- was assumed. 
The photocurrent flow would be related to the flux of holes at the Fe2O3 | electrolyte interface (x=0): 
  2 2 31hhN k c k k              (5.13) 
Where Γ is the total site surface coverage of HO2
-, θ is the fractional site coverage of HO2
-, k2, k-2 and 
k3 are rate coefficients corresponding to reactions (5.11) and (5.12). The surface site balance is then: 
 2 2 3(1 )h
d
k c k k
dt

           (5.14) 
With initial condition: 
 0 0t    (5.15) 
At the full depth of the semiconductor, the photo-generated holes would have completely 
recombined or been transported to the surface of the semiconductor: 
 ( ) 0
h
c x L    (5.16) 
Where L is the thickness of the Fe2O3. 
The charge migration effect was controlled by the band bending through the Fe2O3, and can be 
solved through the Poisson equation: 
 
2
2
0
D
sc
e Nd
dx

 



 (5.17) 
With the boundary conditions: 
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 0( 0)x    (5.18) 
 0
x W
d
dx


  (5.19) 
Where φo is the extent of band bending against flat band potential, and W is the depletion layer 
width: 
 
2 o
D
F
W L
R T
 


 (5.20) 
 0
2
sc b
D
D
k T
L
e N
   
  (5.21) 
Where LD is the Debye length. 
 
Figure 5-34: Schematic of potential distribution through the depletion layer and photon absorption 
through the Fe2O3 film. 
By assuming the system would have achieved steady state at a potential scan rate of 10 mV s-1, the 
differential term with respect to time in equations (5.7) and (5.14) was reduced to zero. The 
photocurrent density output was then calculated and fitted to experimental data by adjusting the 
kinetic parameters such as k2, k-2, k3 and surface coverage, Γ. Figure 5-35 shows the comparison of 
experimental and model-fitted data. Fitted parameters values listing can be found in Appendix C 
The lifetime of photo-generated holes under electrical bias was reported to be approximately 3 s[62, 
149, 150]. If the decay of holes is assumed to be first order, this give a rate constant of 0.33 s-1. 
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However, there decay of photo-generated holes were unclear that it was due to electron-hole 
recombination or consumption in the charge transfer reaction (5.12) – reaction (5.12) to form O2. If 
the hole was generated through a pulse, and according to reaction (5.12) – reaction (5.12), the decay 
of hole can be represented as : 
 
2 3
h
recom h h
dc
k c k c k
dt
           (5.21) 
The decay of photo-generated hole in equation (5.21) is not first order with respect to the holes, 
therefore, the fitted recombination rate constant of 2.8 x 108 s-1 was not comparable with the 
literature data. This applies to the fitted rate constants as well. 
The surface coverage (5 x 10-4 mol m-2) that was used to fit would corresponds to ca. 13 monolayers 
(1 monolayer of HO2
- is about 3.6 x 10-5 mol m-2 calculated based on approximate bond length of O2 
[16]). The surface coverage value may have been too large to consider the reaction a surface bound 
reaction. It would be better if the surface coverage could be measured directly, which has been 
experimentally challenging. 
 
Figure 5-35: Results of fitting model photocurrent-electrode potential data obtained from 36 nm 
thick, heat treated, Sn-doped Fe2O3 electrode deposited onto TEC-8 FTO glass from FeCl3 precursor, 
using adjustable kinetic parameters k2, k-2, k3 and surface coverage, Γ. 
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Although these fitting parameters do not holds much physical meaning, each particular Fe2O3 
deposition set should has the same fitting parameters. This model could provide an initial prediction 
of the trend of photocurrent density of any Fe2O3, if any manipulated deposition parameters, such as 
film thickness and donor density, ND were to change. Using the same model, in which only the donor 
density was modified, Figure 5-36 predict that there would be an optimum donor density within the 
range of 1024 m-3and 1026 m-3, at which to provide the right level of band bending, conductivity and 
charge carriers. High donor densities would result in a thinner depletion layer; hence, only photo-
generated charge nearer to the surface of the semiconductor electrode would be transported under 
the electric field. On the other hand, low donor densities produce a wider depletion layer. However, 
the electric field strength across the depletion layer was then smaller
d
dx

, so that the fast electron-
hole recombination reaction would have consumed the photo-generated charges before these 
charges were transported to the electrolyte | electrode surface for reaction. 
 
Figure 5-36: Calculated Fe2O3 photocurrent-electrode potential plot for various donor densities  
5.4. Concluding remarks 
Fe2O3 photo-anode materials with low onset potentials for oxygen evolution, and high maximum 
light intensity normalised photocurrent densities of 0.1 A W-1 were produced by spray pyrolysis, 
provided that the material was doped with Sn and had post-deposition heat treatment for 1 hour at 
500 C. Sn-doping appeared to decrease the ratio of charge recombination rate to charge transfer 
rate, while heat treatment ensured complete conversion to Fe2O3 and re-organised dopants in their 
most energetically favourable state. The photo-driven oxygen evolution was a multiple step process, 
which may involve surface states that store charge, followed by a fast discharge reaction.   
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Chapter 6:  Photoelectrochemical 
Reactor Design and 
Development 
 
This chapter discusses the design and development of a 
photoelectrochemical reactor. Materials selection criteria for different 
components within the reactor were discussed and the configuration of 
the reactor was investigated. The photo-anode yields higher 
photocurrent if illuminated from the electrolyte | Fe2O3 | FTO side 
compared to FTO | Fe2O3 | electrolyte side. A reactor model was 
developed to study the hydrodynamics of the reactor if electrolyte was 
to flow around the reactor. Gas bubbles on electrode surface impose 
extra interfacial resistance to the photoelectrochemical reactor system 
and would scatter light. These bubbles can be suppressed by 
electrolyte flow, provided no eddy flow was formed within the active 
electrode area. 
The reactor was then operated under intensified solar irradiation and 
the effect of elevated electrolyte temperature to the photocurrent 
produced was investigated. The magnitude of photocurrent was found 
to be linearly dependant to the incident photon flux intensity, and 
increasing temperature would reduce the overall photocurrent. 
Hydrogen yield of the reactor was measured and the solar-to-hydrogen 
conversion efficiency was calculated to be ca. 0.16 % at applied 
electrode potential of 0.7 V (vs. HgO | Hg). 
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6.1. Material selection for structural components 
6.1.1. Reactor body and connecting tubing 
In the design of the photoelectrochemical reactor, the material used to construct the reactor body 
needs to be stable in NaOH solution and it needs to have low permeability to hydrogen gas. Based 
on the list below of permeabilities of various polymeric materials to hydrogen and its chemical 
stability, PVDF was chosen as the material for the construction of the reactor body.  
Table 7: List hydrogen permeability of selected polymers [151] 
Polymers Hydrogen permeability / Ncm3 m-1 s-1 bar-1 
PVDF 4.0 x 10-7 
PET 5.8 x 10-7 
Parylene 6.9 x 10-7 
CTFE 8.7 x 10-7 
ETFE 9.0 x 10-7 
Polypyrrole 1.0 x 10-6 
PEEK 1.0 x 10-6 
HDPE 2.0 x 10-6 
PSF 8.6 x 10-6 
PDMS 2.1 x 10-4 
 
The tubing used to connect between the reservoir and pump, reactor and recycle were made of 
perfluoroalkoxy (PFA) which has hydrogen permeability of 9.2 x 10-6 Ncm3 m-1 s-1 bar-1 [152]. 
6.1.2. Ion-permeable Membrane 
An ion-permeable membrane was used to separate the oxygen and hydrogen gas upon production. 
2 types of possible membranes were used, Nafion 117 and Nafion 424 (DuPont Inc.), the latter being 
reinforced mechanically by woven PTFE. The unsupported Nafion 117 is transparent, so as suggested 
later in Chapter 6.2.1, it could be used when light was required to pass through the membrane; light 
then travelled through the reactor by the path: hν  optical window  cathode open mesh  
electrolyte  Membrane  electrolyte  Fe2O3. In cases where was no need for light transparency 
through the membrane, Nafion 424 was mostly used.  
6.1.3. Optical windows 
The optical window is the key component for enabling light illumination of the photo-anode inside 
the photoelectrochemical reactor. Most photo-electrodes absorb in the UV, so the optical window 
must have high transmission in the UV part (300 - 400 nm) of the electromagnetic spectrum. The 
transmission spectra of borosilicate plates (Figure 6-1), 3 mm thick fused silica plates (Figure 6-2), 
and 3 mm thick quartz plates (Figure 6-3) (from UQG and Edmund Optics) may be compared. 
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Figure 6-1: Transmission spectrum of borosilicate plate. [153] 
 
 
Figure 6-2: Transmission spectrum of fused silica plate. [154] 
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Figure 6-3: Transmission spectrum of quartz plate. [154] 
Both fused silica and quartz plates have higher transmission at UV wavelengths (> 300 nm), but cost 
was also a consideration; 150 mm x 150 mm x 3 mm fused silica windows cost ca. £ 240, while quartz 
windows cost ca. £ 95 for the same size [153, 154]. Therefore, quartz was chosen as the material 
used for the optical window. Moreover, Figure 6-4 shows that there was negligible photon flux loss 
through the quartz plate from the solar simulator.  
 
Figure 6-4: Spectrum from the solar simulator measured before and after passing through a quartz 
window.  
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6.2. Reactor design and assembly 
The reactor design aimed to improve on the first prototype, designed by a Carver [155], which was 
based on the concept of a modular, stackable reactor body block, which could be easily rolled out 
into a production assembly. The simplest configuration would consist of 4 PVDF blocks, sandwiched 
together with rubber nitrile seals. The quartz window was then attached to the front panel with 
silicone rubber, which was not the most ideal material to keep the reactor gas tight.  
 
Figure 6-5: Schematic of the first generation 10 x 10 cm2 photoelectrochemical reactor where a) is 
the cathode, b) Nafion membrane, c) photo-anode, d) quartz window, e) PVDF reactor body and f) 
nitrile rubber seal. [148] 
The first modification made to the reactor was to reduce the number of joints in order to minimise 
points of possible liquid and gas leakage. The quartz windows in the 2nd prototype design was sealed 
with a Viton o-ring seal. Additional ports were also added to the reactor to allow the use of a 
reference electrode, and possible detector probes such as thermocouples, dissolve oxygen probe 
and pH electrode. Figure 6-6, Figure 6-7 and Figure 6-8 shows the assembly of front and back 
compartment of the reactor. A big port was made at the back compartment of the reactor for the 
installation of a membrane inlet mass spectroscopy (MIMS) system, which will be discussed later in 
Chapter 6.7. The installation of the MIMS was optional, and could be sealed off easily with a blank 
plate.  
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Figure 6-6: Assembly of the front compartment of the reactor, where the electrolyte inlet tube was 
slotted in at the base of the reactor and the quartz window sealed through the front panel. 
 
 
Figure 6-7: Assembly of the back compartment of the reactor where the MIMS system was installed, 
adjacent to the cathode. 
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Figure 6-8: Assembly of photoelectrochemical reactor separated by Nafion cation-permeable 
membrane. 
 
 
Figure 6-9: Front and back view of a fully assembled photoelectrochemical reactor 
Nafion membrane
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As the reactor body was not a stack of PVDF plates, the original design on establishing electrical 
connection with the electrodes need to be modified. An electrode holder assembly which was made 
of two block of polyoxymethylene material was designed to enable the electrode assembly to make 
low resistance electronic contact with (photo-)electrodes and to seal well to the reactor. The face 
inside of the holder, which was opposite to the holes for PVDF screws, was coated with silver, to 
establish the electronic contact. The silver surface was then connected to a titanium rod with a fine 
silver wire and the titanium rod pushed through a Swagelok fitting to enable external connection to 
a potentiostat. The Fe2O3 photo-anode deposited onto FTO had its conductive surface in contact 
with the silver surface as shown in Figure 6-10.  
 
Figure 6-10: A) assembling the photo-anode with the conductive side of the FTO facing the silver 
coating; B) schematic of the electrode holder from which electrical connections were made to the 
outside of the reactor. 
In order to install the electrode to the reactor, the electrode needed to be fastened securely to the 
electrode holder by PVDF screws. The titanium rod was then pushed into the reactor through the 
Swagelok fitting and attached to the body of the electrode holder with the silver wire pressed 
against the titanium rod (Figure 6-11).  
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PVDF screws
Ag coatings
Ag wire
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Figure 6-11: Assembling the photo-anode to the reactor body. 
6.2.1. Orientation of photo-electrode illumination 
Photo-electrochemical reaction rates are very sensitive to incident photon fluxes; therefore, the 
photo-electrode orientation with respect to the photon flux vector is important to maximise photon 
absorption and hence reaction rates. Figure 6-12 shows three possible orientations of the photo-
electrochemical reactor, where Figure 6-12a and Figure 6-12b are termed ‘front illumination’ as the 
photons illuminate via: electrolyte | Fe2O3 | FTO, while Figure 6-12c is termed ‘back-side 
illumination’ as the incident photon flux is via: FTO | Fe2O3 | electrolyte. In the orientation shown 
schematically in Figure 6-12a, light absorption in the semiconductor would be greater, but bubbles 
would reflect incoming photons and differences in current path lengths from photo-anode to 
cathode in the electrolyte would distort potential and current density distributions. The ‘front-side 
illumination’ orientation shown in Figure 6-12b would produce more uniform potential and current 
density distributions compared to those for the orientation in Figure 6-12a, but would require a 
transparent membrane and an open cathode mesh, which would block part of the photo flux, and 
both oxygen and hydrogen bubbles would cause reflection losses. 
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Figure 6-12: Possible photo-electrode setup configuration in a PEC reactor: a) front illumination; b) 
front obscure illumination; c) back-side illumination. 
The ’back-side illumination’ configuration shown in Figure 6-12c obviates the problems of bubbles 
reflecting incoming photons and ‘shadowing’ of the photo-anode cathode mesh, and retains the 
more uniform potential and current density distributions of the configuration in Figure 6-12b. 
However, attenuation of the photon flux by the FTO-coated glass substrate and the photo-anode 
material would result in lower hole transport rates to the semiconductor | electrolyte interface and 
hence higher rates of electron-hole recombination, as reported later in this section. 
Of the different configurations for the PEC reactor shown in Figure 6-12, only those in Figure 6-12a 
and Figure 6-12c were investigated in this study, as the configuration in Figure 6-12b was expected 
to result in the lowest light transmission to the photo-anode. In order to provide the same photon 
flux illuminating the Fe2O3, a blank FTO slide was used as a filter for the front illuminated 
configuration in Figure 6-12a. This enabled the net effect of the side of illumination to be 
investigated independently of the photon flux losses for the different configurations. Results in 
Figure 6-13 show that having the photo-anode illuminated from the front-side (electrolyte 
solution | Fe2O3 | FTO) generated ca. 90% larger photocurrent densities at 0.5 V (vs. HgO | Hg), 
than for back-side illumination. These results are verified by the model reported in Chapter 
5.3.2. 
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Figure 6-13: Linear sweep voltammograms for 200 nm thick Fe2O3 in the dark, and photo current 
densities under 35 W m-2 white (Xe) light illumination from the solution side and from the FTO 
side. 
Using the model described in chapter 5.3.2, the concentration of photo-generated holes within 
the Fe2O3 was obtained. The hole concentration profile for front illumination shown in Figure 
6-14 agrees with the initial model developed by Albery et. al. [148]. The valley at 10 nm depth is due 
to the electrical field at the depletion layer, where the photo-generated charge is swept to the 
surface for reaction. At the field free region, the transport of photo-generated holes would be purely 
diffusional. Figure 6-14 shows large differences in model-predicted photo-generated hole 
concentration profiles for front-side and back-side illumination (at 450 nm, 35 W m-2) of the photo-
anode | electrolyte interface, assumed to be planar. Since photocurrent densities correspond to a 
flux of charge carriers across that interface, which is proportional to their concentration gradient, 
front-side illumination of the electrolyte | Fe2O3 interface was predicted to produce the highest 
photocurrent densities / hole concentration gradient, where the incident photon flux and hence 
photo-generated charge were greatest. Conversely, back-side illumination produced the highest hole 
concentration gradient near the Fe2O3 | FTO interface; photon intensities and hence hole-electron 
generation rates decayed with distance across the Fe2O3, so that at the electrolyte | Fe2O3 interface, 
hole concentrations were low, exacerbated by hole-electron recombination during the diffusional 
transport of holes towards the electrolyte. As for front-face illumination case, the electric field in the 
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depletion layer would cause hole migration to the electrolyte | Fe2O3 interface and electrons would 
migrate away from the surface, enabling photo-generated holes to react at the surface, producing 
photocurrent. 
 
Figure 6-14: Model predicted concentration profile of the photo-generated holes as a function of 
distance from Fe2O3 | electrolyte solution interface for front-side and back-side illumination. 
6.3. Reactor system 
The photo-electrochemical reactor system was designed to operate with 2 separate anolyte and 
catholyte reservoirs, in batch recycle mode with respect to the aqueous phase(s) (Figure 6-15), with 
a cation-permeable membrane in the reactor to prevent mixing of dissolved oxygen and hydrogen. A 
glass hydrocyclone was made to allow extra residence time for gas-liquid separation, before the 
product gases could be measured and analysed. 
 
Figure 6-15: Schematic of reactor system operating with separate anolyte and catholyte reservoirs. 
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The reactor was operated in an upright position, rather than having the optical window facing 
upwards from where the light source would be directed, to avoid gas bubble trapping on the 
window and membrane, which would increases interfacial resistance and cause light reflection. A 
high reflectance flat silver mirror was setup at 45o such that the downward directed light source was 
reflected to the photo-electrochemical reactor in an upright position (Figure 6-16). A Fresnel lens 
could also be used to intensify the photon flux onto a smaller electrode surface area and hence 
decreasing the size of the reactor required for the same photocurrent output. 
 
Figure 6-16: Arrangement of the reactor under the solar simulator. 
6.4. Reactor hydrodynamics and bubbles suppression by flow 
As in any gas-evolving electrochemical processes, the production of H2 and O2 gas bubbles will cause 
an increase of the resistance at the electrode | electrolyte interface and in the electrolyte solutions. 
The Bruggeman equation [140] relates the effective conductivity eff of a bubble-containing 
electrolyte with void fraction ε due to the dispersed gas phase to that of the bulk phase conductivity 
o: 
  
1.5
0 , ,1eff x y z      (6.1) 
If the bubbles are in the path of light to the photo-anode, these bubbles could reflect light, 
decreasing the photon flux to the photo-anode, further decreasing the overall productivity / H2 flux 
of the photo-electrochemical reactor. Therefore, it is crucial to suppress the formation of bubbles on 
the surface of the electrode. Previous work by Ulissi [156] predicted that operating the photo-anode 
at current densities above 0.9 A m-2 causes supersaturation of dissolved oxygen and hence probable 
bubble formation in the reactor.  
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Gas bubbles emerge from supersaturation of dissolved gas locally on the electrode surface. In 
absence of convective flow, these dissolved gas could only diffuses to the bulk of the electrolyte. 
Consider the generation of oxygen on the photo-anode, the process could be expressed as: 
 
   2 2 2, 0 ,4 4 2
a mk k
VB aq x aq x
OH h H O O O

 
 
     (6.2) 
Flux injected at photo-anode: 
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Hence, at steady state:        
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  
 
         (6.5) 
At steady state, the electrolyte will be saturated, and hence the local concentration on the electrode 
surface will always be supersaturated, where bubbles are evolved.   
One possible way to minimise or even suppress the formation of bubbles on the electrode surface is 
to utilise electrolyte flow in order to prevent oxygen concentration accumulation. The model was 
built in COMSOL coupling the hydrodynamics of the reactor and the transport of products in the 
reactor. The electrolyte in the photo-electrochemical reactor was considered as incompressible fluid, 
and Navier Stokes equation was adopted to solve for the flow profile: 
 p
t

 
      
 
u
u u fT  (6.6) 
Where ρ is the fluid density, u is the velocity vector, p is the pressure, T is the stress tensor while f is 
the body force acting on the fluid. 
The transport of dissolved oxygen from the electrode surface was modelled using a time-dependent 
material balance assuming it could be treated as a dilute solute species: 
  2
2 2 2 2
0
O
O O O O
dc
D c c R
dt
      u  (6.7) 
Where cO2 is the concentration of oxygen, DO2 is the diffusion coefficient, and RO2 accounts for the 
rate (assumed zero) of any homogeneous chemical reaction of oxygen in a given domain.  
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The Navier-Stokes and material transport equations were solved in different geometry meshes as 
shown in Figure 6-17A and Figure 6-17B. 
 
Figure 6-17: A) Tetrahedron shaped mesh for solving the Navier Stokes equation; B) Sweeping 
triangular mesh for solving the transport of diluted species equation. 
Sensitivity analysis on the number of elements in the mesh was carried out, and a minimum of 
10,000 mesh elements was used in the solving the equations. As the Navier-Stokes equation is 
independent of the concentration gradient, this equation was solved independently in order to save 
computational time. The hydrodynamic results were then mapped on to the transport equation(6.7). 
Figure 6-18 shows results obtained at 2.1 A m-2, with volumetric flow rate of 6 x 10-5 m3 min-1 and 15 
x 10-5 m3 min-1. At 6 x 10-5 m3 min-1, only the entry zone of the electrode surface was below 
saturation, while increasing the electrolyte flow rate to 15 x 10-5 m3 min-1 significantly decreased the 
region where supersaturation of oxygen occurred. However, increasing flow rate to 15 x 10-5 m3 min-
1 generated an eddy at the corner near the entry of the reactor, which would cause accumulation of 
dissolved oxygen and trap bubbles formed at this area. The formation of this eddy was a result of 
both reactor geometry and flow velocity. This result suggests that the future development of the 
PEC reactor should be based on a geometry that will support high electrolyte flow with low pressure 
drop, while still operating in laminar flow regime. This will assist effective suppression of bubble 
formation on the photo-electrode. Operating at high electrolyte flow rate decreases the extent of 
oxygen saturation at the electrode surface and hence effectively suppresses formation of bubbles 
from that supersaturated solution, but at the expense of the increased pumping energy costs. 
A B
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Figure 6-18: Calculated streamline plots of ([O2]/[O2]sat) showing the effect of electrolyte flow rates 
on development of O2 saturation in the electrolyte. a) 6 x 10
-5 m3 min-1; b) 15 x 10-5 m3 min-1. 
Instead of having ‘pillars’ (Figure 6-19A) which act as diffusers to distribute the flow across the whole 
of the reactor, a new electrolyte feed system was designed, consisting of a tube with multiple holes 
(Figure 6-19B) in the new prototype design. 
 
Figure 6-19: A) Schematic of the first reactor prototype which used ‘pillars’ to disperse and distribute 
the flow at the feed entry of the reactor; B) Schematic of the feed distributed through a series of 
holes on a tube. 
The flow profile of the new electrolyte feed rate of 15 x 10-5 m3 min-1 was simulated and Figure 6-20 
shows the velocity field over the length of the electrode. Figure 6-21 shows the velocity profile 
corresponds to position a, the base of the electrode, and position b, the top of the electrode. 
Pressure drop was expected along the tube at which the electrolyte was fed, so higher velocities 
were predicted at the wall edge near the entry zone of the reactor, but a more uniform distribution 
fluid velocity was predicted to develop with increasing distance from the plane of the reactor inlet. 
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Figure 6-20: Velocity field of the region at which 
the photo-anode would be situated, when 
volumetric flow rate of 150 cm3 min-1 was feed 
to the reactor. 
Figure 6-21: Velocity flow profile at position a 
and b of Figure 6-20 corresponds to electrolyte 
feed rate of 150 cm3 min-1. 
The degree of supersaturation of the electrolyte solution at the electrode surface was calculated for 
a photo-anode current density of 2.1 A m-2 oxygen evolution, using the reactor flow profile to define 
the flux of dissolved oxygen from anode surface into the bulk solution. Figure 6-22a shows that with 
this improved flow profile, it would be possible to disperse the dissolve oxygen gas convectively at 
150 cm3 min-1, decreasing the degree of supersaturation by comparison with that predicted for the 
first prototype (Figure 6-22b) and suppressing bubble formation on the electrode surface.  
 
Figure 6-22: Calculated streamline plots of O2/O2,sat showing the development of O2 saturation on 
the electrode surface at electrolyte flow  rate of 150 cm3 min-1. A) new in flow system; B) first 
prototype reactor. It should be taken note that the colour tone for cO2 / cO2,sat =1 is different in both 
cases. 
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6.5. Effect of light intensity 
The photo-electrochemical reactor output photocurrent changes with light intensity, as established 
by increasing the current to the solar simulator to achieve its upper limit of 1000 W m-2 output 
intensity, above which a Fresnel lens was used. Figure 6-23 shows the resulting photocurrent 
densities increased linearly with light intensity up to 3 500 W m-2. These experimental data were 
then fitted to the model, reported in Chapter 5.3.2, which predicted a linear effect of light intensity 
on photocurrent densities. 
 
Figure 6-23: Experimental effect of light intensity on photocurrent densities at 0.4 V (vs. HgO|Hg) 
and a model fitted data showing linear relationship between light intensity and photocurrent. 
Results in Figure 6-23 shows a good fit of the experimental and model-fitted data at light intensities 
below 1000 W m-2. There are some deviations at higher light intensities, because the Fresnel lens 
altered the spectrum. Figure 6-24 shows the increase in light intensity by increasing the current 
supplied to the solar simulator, while Figure 6-25 shows the spectrum after using of a Fresnel lens to 
increase light intensities, which were increased in the infrared spectrum better than the spectrum in 
the visible light range, which will heat up the electrolyte and semiconductor surface. Since that the 
reactor is filled with electrolyte (water and NaOH), the bulk temperature of the electrolyte increased 
ca. 1 oC throughout the experiment. Despite that the light spectrum from 300 nm – 350 nm is 
absorbed by the Fresnel lens, the photocurrent generated is still linearly related to light intensity. 
This is might be due to loss in the 300 nm – 350 nm light spectrum is offset by the increase in 
spectrum from 350 nm – 500 nm. As there is no discrimination between the electron and hole 
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generated in the UV or in the visible spectra, all photo-generated charge would yield photocurrent 
depending on the intensity of photon flux. 
 
 
 
 
Figure 6-24: Effect of current supplied to the 
solar simulator on its spectral output. 
Figure 6-25: Solar simulator output spectrum at 
400 W m-2 and using a Fresnel lens to produce 
4000 W m-2. 
 
6.6. Effect of temperature on photocurrent densities generated in the PEC 
With a band gap energy of 2.2 eV (see chapter 5), Fe2O3 absorbs photons with wavelengths only up 
to ca. 500 nm. However, the energy in the infrared part of the spectrum (above 700 nm) can be 
captured in the form of heat, which could lower the electrical energy required for water splitting. 
Increasing temperature at the semiconductor also decreases the band gap of the semiconductor, 
which could be beneficial to the photo-electrochemical water splitting process. 
 
2
0
g g
T
E E
T



 

 (6.8) 
Where Eg
0 is the band gap under standard conditions, while α and β are constants which define the 
properties of the semiconductor[157].  
Results in Figure 6-26 shows the dark cyclic voltammogram of Fe2O3 in 1 M NaOH; electrode 
potentials against the HgO | Hg reference electrode were corrected to the temperature of 25 oC: 
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      (6.9) 
These results are consistent with previous finding [62], in which increasing temperature shifted the 
onset potential for water oxidation to more negative values, indicating less electrical energy was 
required to evolve oxygen. However, Figure 6-27 shows that upon turning on the light, photocurrent 
generated decreases with increasing temperature, probably due to rates of photo-generated 
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electron-hole recombination increasing with increasing temperature more rapidly than the rates of 
photo-generated holes oxidised water to oxygen. The contribution of dark to total current densities 
became significant at temperatures above 33.6 oC and at electrode potentials of 0.6 V – 0.7 V vs. 
HgO|Hg. This demonstrated further that the effect of temperature with increasing temperature in 
the dark cannot be discounted in the presence of light. 
 
Figure 6-26: Effect of temperature on cyclic voltammograms (10 mV s-1) of Fe2O3 in 1 M NaOH in the 
dark.  
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Figure 6-27: Effect of temperature on cyclic voltammograms (10 mV s-1) of Fe2O3 in 1 M NaOH under 
white (Xe) lamp irradiation (30 W m-2). 
Steady state (photo)current densities were measured for Fe2O3 operating at 0.6 V (vs. HgO|Hg) from 
25 oC to 46 oC, were analysed in the form of Arrhenius reaction rate equations and plotted in Figure 
6-28: 
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Figure 6-28: Steady state (photo)current densities of Fe2O3 | 1 M NaOH plotted in the form of 
Arrhenius equation. 
Comparing equations (6.10) and (6.11) with the Arrhenius equation  exp ak A E RT   , 
enabled activation energies to be derived for the cases of ‘dark’ and ‘light’ of ca. 29.7 kJ mol-1, and             
ca. –7.1 kJ mol-1, respectively. Photo-generation of electrons and holes requires energy, so the sign 
for activation energy should be positive, while the reversible reaction should take a negative sign as 
energy is released when charges recombine. Hence, increasing temperature is predicted to produce 
smaller photocurrent densities. 
6.7. Hydrogen yield and energy conversion efficiency 
The aim of the reactor was to produce hydrogen (and oxygen) photo-electrochemically, and thus it 
was critical to quantify and determine its hydrogen production rate. The easiest gas measurement 
system was by water displacement technique. However, due to low photocurrent density (ca. 1 A m-
2), the hydrogen production rate would be ca. 7.5 x 10-2 ml min-1. Operating the reactor for 1 hour 
would produce merely 4.5 ml of H2 under room temperature and pressure. If this small quantity of 
hydrogen was measured by water displacement method, most would have leaked into the 
atmosphere. Therefore, it was desirable to measure the hydrogen production rate directly by mass 
spectrometry. Due to the low production rate, the H2 gas produced would have saturated the 
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electrolyte solution only partially. The saturation concentration of H2 in H2O is ca. 0.78 mol m
-3 [127, 
158], which is ca. 18.7 ml in a litre of water. At a production rate of 4.5 ml hr-1, ca. 4 hours would be 
required to saturate a 1 litre volume of reactor. Therefore, it would worth measuring the hydrogen 
produced in the aqueous phase. 
A membrane inlet mass spectrometry (MIMS) unit was designed and installed adjacent to the 
cathode, such that the concentration of hydrogen could be measured as soon as it was produced. 
Figure 6-29 shows a schematic of the membrane inlet mass spectrometry installed at the back of the 
photoelectrochemical reactor. A polydimethylsiloxane (PDMS) membrane was used to separate the 
electrolyte from the carrier gas stream. Argon carrier gas was channelled through the MIMS to 
maintain the low partial pressure of hydrogen on the gas line. The partial pressure difference 
between the liquid and gas side of the system would then drive the dissolve gas through the 
membrane to the mass spectrometer for analysis.  
 
Figure 6-29: Schematic of the MIMS device which was installed at the back of the PEC reactor. 
The pervaporation rate through the membrane is governed by the following equation [159]: 
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Where PermH2 is the permeability of hydrogen, A is the surface area of membrane, dmem is the 
membrane thickness, and pH2
liq and pH2
gas is the partial pressure of hydrogen on the gas and liquid 
side of the MIMS system. Given that: 
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The maximum pervaporation rate through the MIMS would be when the electrolyte was saturated 
with hydrogen, corresponding to the partial pressure difference of ca. 1 atm H2, resulting a 
maximum pervaporation rate of 1.5 x 10-1 ml min-1, which is double of the hydrogen production rate 
corresponding to 1 A m-2 (7.5 x 10-2 ml min-1). This shows that the MIMS should have had the 
capability to measure the hydrogen production rate.  
6.5.1. Hydrogen yield and solar to hydrogen conversion efficiency 
The solar to hydrogen conversion efficiency is an important figure of merit for the performance of 
the photo-electrochemical reactor, requiring accurate measurement of the hydrogen production 
rate / charge yield, in this case using a Fe2O3 deposited onto 0.1 x 0.1 m
2 TEC-8 FTO. Figure 6-30 
shows cyclic voltammograms (10 mV s-1) of the Fe2O3 electrode in 1 x 10
-3 mol m-3 NaOH solution, in 
the dark and under 300 W m-2 white light radiation from the solar simulator. The cyclic 
voltammogram (Figure 6-30) is different from those reported in Chapter 5. This is because that in 
chapter 5, the small batch photo-electrochemical reactor only has the electrode contact with the 
electrolyte, while measurements for Figure 6-30 were carried in a flow photo-electrochemical 
reactor. In the flow electrochemical reactor, the part of the current collector (silver paste), which 
was holding the electrode together, was exposed to the electrolyte, therefore the extra peaks may 
be due to redox reaction of Ag. The oxidation and reduction current peaks at ca. 0.1 V, 0.3 V and 0.4 
V (vs. HgO | Hg) may have been due to the reversible reaction of silver Ag2O | Ag and adsorbed 
AgOH [160] at the electrode contact. It was also observed that the (photo-)current densities 
measured in Figure 6-30 were an order of magnitude smaller than with the 0.03 x 0.03 m2 Fe2O3 
photo-anode (1-2 Am-2). This result further verified the significance of the inhomogeneous potential 
distribution across electrode having scaled up the electrode areas, causing photo-generated charge 
to recombine at higher rates where local potentials were lower (will be discussed further in Chapter 
7.1), resulting in lower photocurrent densities.  
The system was held at 0.6 V, 0.7 V and 0.8 V (vs. HgO | Hg) for ca. 1 hour each (30 minutes in dark 
and 30 minutes in light), and the hydrogen production rate was measured using the mass 
spectrometer. The cathode potential was measured as -1.12 V, -1.25 V, and -1.35 V (vs. HgO | Hg), 
respectively in the dark and -1.13 V, -1.32V and -1.41 V (vs. HgO | Hg), respectively, under white light 
irradiation. The reversible potential of H2 evolution at pH 14 is ca. -0.93 V (vs. HgO | Hg), so that 
hydrogen overpotentials were -0.19 V to -0.48 V, corresponding to predicted (partial) current 
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densities for hydrogen evolution of 34 A m-2 to 1.9 x 103 A m-2 (on Pt electrode). Therefore, hydrogen 
production was expected between applied electrode potential of 0.6 V to 0.8 V (vs. HgO | Hg). 
 
Figure 6-30: Cyclic voltammograms (10 mV s-1) of 0.1 x 0.1 m2 FTO | Fe2O3 electrode in 1 x 10
-3 mol 
m-3 NaOH electrolyte, in the dark and under 300 W m-2 white light radiation from solar simulator. 
Due to time limitations, only a few experiments were carried out, in which hydrogen fluxes were 
measured directly from the top of the reactor and diluted by flow of argon. The measured H2 
production rate did not match well with the predicted H2 production rate following Faraday’s law 
(Table 8), because the low hydrogen production rate resulted in mass spectrometer currents being 
buried in noise. Given more time, this experiment should have been repeated at lower argon carrier 
gas flow rates (≤ 20 ml min-1). The solar to hydrogen conversion efficiency is rather loosely defined in 
the literature; a more rigorous energy balance is required, though in most general form was defined 
[161] as: 
 2
stored H  energy  added electrical energy
solar energy input
STH

   (6.14) 
Where stored energy is in the form of hydrogen produced, added electrical energy (
a aux pumpj A U t P t     ) would be the electrical bias (Uaux) required to drive the photo-
electrochemical process and Ppump is the power required to drive the pumps for electrolyte 
circulation.  
If the solar power input (300 W m-2) were converted completely into a hydrogen flux, its flow rate 
would be 15.1 ml min-1. As the measured H2 production rate from MIMS was buried in the noise 
(Figure B-8 in appendix B), and the measured would give apparent current efficiencies (ratio of 
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measured H2 production rate to the predicted H2 production rate) greater than 100%, unity current 
efficiency was assumed in calculating the solar to hydrogen efficiency. Based on equation (6.14), 
stored H2 energy – added electrical energy would correspond to the difference between hydrogen 
production rate in the light and dark. The calculated solar to hydrogen conversion efficiency would 
be 0.15%, 0.16% and 0.07% for applied anode potentials of 0.6 V, 0.7 V and 0.8 V (vs. HgO | Hg), 
respectively. The solar to hydrogen conversion efficiency drops when high electrical bias was applied 
to the system. This is because the proportion of hydrogen generated from converting solar energy is 
diluted by the hydrogen generated from the electrical energy supplied (from the grid).  
Table 8: Summary of predicted and measured H2 production rates at various applied anode 
potentials (vs. HgO | Hg). 
Anode 
potential 
vs. HgO|Hg 
/ V 
Cathode potential 
vs. HgO | Hg 
/ V 
Current density 
/ A m-2 
Predicted H2 
production rate 
/ ml min-1 
Measured H2 
production rate 
/ ml min-1 
Dark Light Dark Light Dark  Light Dark  Light 
0.6 -1.12 -1.13 1.0 x 10-2 3.2 x 10-1 7.4 x 10-4 2.4 x 10-2 0 6.4 x 10-3 
0.7 -1.25 -1.32 1.4 x 10-1 4.5 x 10-1 1.0 x 10-2 3.4 x 10-2 2.3 x 10-2 3.3 x 10-2 
0.8 -1.35 -1.41 5.7 x 10-1 5.9 x 10-1 4.3 x 10-2 4.4 x 10-2 6.7 x 10-2 1.1 x 10-1 
 
6.8. Concluding remarks 
A photo-electrochemical reactor was designed with photo-anode area of 0.1 x 0.1 m2 and its 
performance characterised as a function of experimental variables. Front-side illuminated photo-
anodes were predicted to produce higher photocurrent densities, as the hole-driven water / 
hydroxide oxidation reaction could take place where the highest concentration of holes is generated, 
provided that this electrode configuration do not cause large spatial distributions of potential and 
hence current densities. Gas bubbles formed on the surface of the photo-electrode can be 
suppressed by increased liquid flow rates; however, the design of the reactor geometry needs to 
accommodate such flow rate, and pumping energy costs need to be considered in the overall energy 
balance, such that there should be a net energy surplus from the hydrogen produced from solar 
energy conversion. By re-design of the solution inlet, the hydrodynamics of the second prototype 
photo-electrochemical reactor was improved significantly compared to the initial design, such that 
at solution flow rates achievable with acceptable pumping powers, no accumulation of dissolved gas 
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on the photo-anode surface was predicted, thereby obviating the potential problem of reflection of 
light by bubbles.  
The photo-electrochemical process can be intensified by increasing the light intensity; photocurrent 
densities produced were linearly proportional to the light intensity, for identical light spectra. 
Increasing the operating temperature was found and predicted to enhance the recombination rate 
of photo-generated electrons and holes, and so was had a detrimental effect on photo-assisted 
electrolysis kinetics and efficiencies. 
The photo-anode assembly could be further improved to provide a direct low resistance contact. 
Hydrogen production rates were measured, but the data were unreliable due to low hydrogen 
partial current densities. More accurate hydrogen production rates could be measured if the argon 
carrier gas flow rate were to be decreased, requiring a new mass flow controller, such that the 
concentration of H2 would be less diluted. 
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Chapter 7:  Challenges with reactor 
scale-up 
 
 
This chapter aims to elucidate the effect of scaling-up the 
existing Fe2O3 | FTO electrode size from 0.03 m x 0.03 m to 0.1 
m x 0.1 m. A model was developed to calculate the potential 
drop on TEC-8 (8 Ω per square area). It was calculated that with 
a cell potential of 3 V, 60% of the 0.1 m x 0.1 m FTO anode 
would be inactive to water splitting, as the cell potential would 
drop below the required water splitting potential of 2.5 V.  
Titanium plate was found to be a possible replacement substrate 
material. It was found that that the Fe2O3 | Ti electrode yield 
higher photocurrent density than Fe2O3 | FTO electrode. This is 
because the mirror-like finished Ti substrate reflects the incident 
photons and allow double pass of photon absorption.  
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7.1. Potential and current density distributions 
Electrochemical processes are highly sensitive to electrode potentials, the spatial distributions of 
which, together with the resulting current density distributions, are major design considerations in 
the scale up and optimisation of electrochemical systems in general, the objective being to minimise 
spatial inhomogeneities. In photo-electrochemical water splitting research, optically transparent 
materials, such as fluorine-doped tin oxide (FTO) coated glass, are commonly used as substrates, 
onto which absorbing semiconductor photo-electrode materials are deposited. The thin (ca. 300 nm 
[162]) TEC-8 FTO coating has low in-plane electrical conductivity, so scale up simply by increasing the 
geometric photo-electrode area would result in large potential distributions across the current 
collectors.  
A simple photo-electrochemical reactor system consist of 2 flat electrodes is illustrated in Figure 7-1. 
The electrodes have length L, which the current is collected at the edge of the electrode, height of h1 
and h2 distance apart. 
 
Figure 7-1: Schematic of the photo-electrochemical reactor system. 
The equivalent circuit of the reactor system can be approximated as a resistance in series problem 
shown in Figure 7-2. Since a metallic cathode is used, the resistance of the cathode is assumed to be 
zero, so it can be treated as an equipotential surface. 
L
h2
Current Collector
Anode
Metallic cathode
h1
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Figure 7-2: Equivalent analogue circuit of the photo-electrochemical reactor describing the potential 
distribution due to the sheet resistance of FTO. 
The current flowing through the mid-point of the anode, j2 is smaller than the current flowing near 
the current collector at the edge, j1: 
 1 2
2 1
1
j R
j R
    (7.1) 
If the ratio between j1 and j2 is equal to 1, the potential and current distribution would be uniform. 
The Wagner number can be defined by the ratio of resistances Ra due to the faradaic reaction at the 
anode and that of the electrolyte Re, in the scenario where anode itself is assumed to have infinite 
conductivity (metal):  
 
e
a
a
e
d
djR
Wa
R h


 
 
  
 
 
 
  (7.2) 
Where h is the characteristic length. If h1 >> h2, then h = h2. If h2 >>h1, then h = h1. κe is the specific 
conductivity of the electrolyte, while Ra = dηa/dj. 
When the anode has finite conductivity, the Wagner number can be redefined as the ratio of 
polarisation resistance and the sum of resistance in the electrolyte and the resistance in the FTO at 
the mid-point between two current collectors (Figure 7-1): 
Ra
Ra
RFTO
Re
Re
Rc’
Rc’
Rc
L
½ L
Anode Cathode
j1
j2
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 ' a
e FTO
R
Wa
R R


  (7.3) 
Since Re and RFTO are can be expressed as:  
 e
e
h
R

   (7.4) 
 
'
FTO
FTO
L
R

   (7.5) 
Where L’ is the shortest distance away from the current collector, in this case, L’ = ½ L. Hence: 
 
'' e FTO
FTO e
FTO e e FTO
L hL h
R R
 
   

      (7.6) 
Substituting equation (7.6)  into equation (7.3), the modified Wagner number is given by: 
 
 
'
'
a e FTO
e FTO
d
Wa
dj L h
  
 
 
  
 
  (7.7) 
Combining the 2 Wagner numbers:  
 ' 1
' '
FTO
e
hWa
hL
Wa L


 
  
 
  (7.8) 
Hence, potential and current density distributions are predicted to be more uniform if: 
a) The distance between the mid-point of the electrode to the current collector, L’ is smaller; 
b) Conductivity of the substrate is greater; 
c) Gradient of the overpotential-current density relationship is larger; 
d) The distance between the anode and cathode is larger. 
Option (d) is not desirable as increasing the distance between the anode and cathode will increase 
the ohmic potential drop between the 2 electrodes, and hence increase the required cell potential 
difference for oxygen and hydrogen evolution reaction at constant current density, or decrease 
current densities at constant potential difference. 
The ratio of the Wagner numbers will be an important scale-up parameter to maintain active area of 
the photo-electrode. One possible means to obviate the problem of potential distribution due to the 
FTO substrate’s sheet resistance is to replace it with a metallic substrate, such as titanium and 
stainless steel.  
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In the derivation of these Wagner numbers, light absorption by a photo-electrode was not 
considered. It was assumed that the rule of thumb for a flat semiconductor electrode surface would 
be having the optical window larger than the area of semiconductor, to avoid shadow cast from the 
body of the reactor. Therefore uneven photovoltage distribution due the effect of shadow would be 
unlikely. 
The model which describe the potential and current distributions were constructed by solving the 
Laplace’s equation (2.29) and Nernst-Planck equation (2.15) mentioned in chapter 2.1. The boundary 
conditions applied to solve for the voltage balance on the cell is illustrated in Figure 7-3. ja and jc 
were the anodic and cathodic current density, which were expressed by Butler-Volmer equation 
(2.14). As Pt-titanium cathode was used, and was treated as a flat plate, the cathode could be 
treated as an equipotential surface. 
 
Figure 7-3: 2D (top view) boundary conditions applied to solve for the potential and current 
distribution of the reactor system. 
Given that the bulk resistivity of FTO is 2.2  10-6 Ω m [163] and the thickness of FTO was ca. 300 nm, 
the resistance of the film was 3.7 Ω. In order to reduce the complexity of meshing at the interface, a 
1 mm, pseudo-domain was used to represent the actual film thickness. The resistance of 3.7 Ω was 
transposed onto the 1 mm domain which gives an effective resistivity of 7.3  10-3 Ω m.  
Figure 7-4 shows the potential and current distributions on the bare 100 mm  100 mm, TEC-8 FTO, 
at different applied cell potential. A substantial potential drop was predicted from the current 
collectors to the midpoint of the electrode and a significant fraction of the area was essentially 
inactive for water splitting (< ca. 2.5 V, see chapter 2.3). For a cell potential difference of 3 V, the 
minimum electrode potential is 2.24 V, and about 60% of the 100 mm  100 mm electrode area is 
below the required 2.5 V. As a result of such a potential drop, the centre portion of the electrode 
V = Ucell
V = Ucell
j = 0
V = 0 V
V = 0 V
j = ja j = jc j = 0
j = 0
j = 0
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area is inactive, decreasing mean current densities of the reactor for hydrogen production. If Fe2O3 
were to be deposited onto FTO, of this size, the photo-generated charges near the middle of the 
electrode could not be extracted, and hence would recombine. 
 
Figure 7-4: A) Potential distribution across the surface of the anode (TEC-8 FTO) surface of 100 mm 
in length; B) Potential and current distribution across the 2 current collectors 100 mm apart.  
The use of a transparent conductive oxide substrate such as FTO enables illumination of 
semiconductor substrate from both sides of the substrate (see Chapter 6.21), but at the expense of 
lateral sheet resistance. For example, photocurrent densities area ca. 1 – 2 A m-2 (see chapter 5.2) 
for a lab scale photo-electrochemical reactor with a geometric square electrode area of 1  10-4 m2, 
without significant (ca. 0.08 V) potential drop. However, with the same current density passing 
through electrode area of 1  10-2 m2, the potential drop will cause large (ca. 0.8 V) losses in active 
electrode area for water splitting. Therefore, potential and current density distributions are 
important parameters to optimise in scaling up photo-electrochemical reactors. 
The lateral sheet resistance is not the only parameter which will change the potential distribution. As 
described by Ibl [164], the potential and current distribution is affected by: 
a) Electrode geometry; 
b) Conductivity of electrolytes; 
c) Conductivity of electrodes; 
d) Polarization overpotentials; 
e) Overpotentials as a result of concentration gradients between the electrode | electrolyte 
interface and bulk electrolyte. 
A) B)
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A simple model has been developed, in which the reactor system is treated as a secondary potential 
distribution problem. Results from COMSOL shows that the electrolyte conductivity gradient 
between the bulk and electrode-electrolyte interface is negligible (Figure 7-5) and hence, the 
transport overpotential was neglected in further development of the model. The drop in electrolyte 
conductivity at the anode was due to the formation of O2 from OH
-, while slight rise in electrolyte 
conductivity was the due to formation of H2: 
 2 24 2 4OH O H O e
      (7.9) 
 2 22 2 2H O e H OH
      (7.10) 
 
Figure 7-5: Changes in electrolyte conductivity near the electrode-electrolyte interface and the bulk 
of the electrode. 
Figure 7-6 shows that if metallic substrate such as titanium (resistivity of 1.4  10-6 Ω m, adapted 
from COMSOL materials library) was used as the substrate of photo-anode, the potential and current 
distribution would be negligible. It is therefore worth investigating the feasibility of substituting 
transparent conductive oxide glass substrate to metallic substrate such as titanium. 
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Figure 7-6: A) Potential distribution across the surface of the anode (titanium) surface of 100 mm in 
length; B) Potential and current distribution across the 2 current collectors 100 mm apart. 
7.2. Photo-electrodes with Titanium Substrates 
7.2.1. Characterisation of Fe2O3 deposited on Ti substrates 
Fe2O3 was deposited onto metallic substrates such as titanium in order to mitigate problems with 
potential distributions in substrates, as predicted on FTO, upon scaling up the electrode area. This 
section discuss the attributes of Fe2O3 | Ti electrode at electrode area of 0.03  0.03 m
2 scale, in 
order to investigate the feasibility of such electrodes. Figure 7-7 shows that under 42 W m-2 white 
xenon light illumination, the 23 nm Fe2O3 | 20 nm TiO2 | Ti electrode produced photocurrent density 
of 0.4 A m-2 at applied electrode potential 0.5 V (vs. HgO|Hg) and exhibited a photo-current onset at 
0.2 V (vs. HgO|Hg). 
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Figure 7-7: Cyclic voltammogram (10 mV s-1) of 23 nm Fe2O3 (heat treated) | 20 nm TiO2 | Ti in the 
dark and 42 W m-2 Xe white lamp illumination, in 1 M NaOH solution. 
7.2.1.1. Effect of heat treatment on Fe2O3 deposited onto Ti substrates 
Results reported in section 5.1.2 suggested the necessity of post deposition heat treatment of Fe2O3; 
this had significant effects on the interfacial TiO2 thickness, and on subsequent photocurrent 
densities generated. Figure 7-8 shows the colour of the electrode changed as a result of heating the 
material for 1 hour at 500 oC. The colour changes from brownish orange to blue was most likely due 
to the different thickness ratio of Fe2O3 to TiO2 gives different interference colour. Secondary ion 
mass spectrometry (SIMS) was carried out to measure the thickness of interfacial TiO2 layer, which 
was found to have increased from 7 nm (Figure 7-9) to 22 nm (Figure 7-10).  
 
Figure 7-8: Picture of Fe2O3 deposited on titanium substrate, before and after heat treatment. 
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Figure 7-9: SIMS depth profile of a non-heat treated Fe2O3 | Ti electrode with ca. 7 nm of TiO2. 
 
 
Figure 7-10: SIMS depth profile of a heat-treated Fe2O3 | Ti electrode. Comparison with data in 
Figure 7-9 shows that the original 7 nm of TiO2 had increased to 22 nm during heat treatment. 
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As a result of the heat treating the Fe2O3 | 7 nm TiO2 | Ti electrode, forming a 22 nm interfacial TiO2 
layer, photocurrent densities increased and the on-set potential for oxygen evolution decreased 
(Figure 7-11). The shift of the onset potential for the light driven oxygen evolution reaction from ca. 
0.4 V to 0.2 V (vs. HgO | Hg) matches the change in the flat band potential (–0.46 V to –0.65 V). 
However, it was still uncertain whether the shift in flat band potential was a result of the heat 
treated the Fe2O3 or the increase in TiO2, thickness or both. 
  
Figure 7-11: Cyclic photo-voltammograms 
(10 mV s-1) for 1 mol NaOH dm-3 | Fe2O3 | TiO2 | 
Ti electrode, under 40 W m-2 white (Xe) light 
illumination. 
Figure 7-12: Mott-Schottky plots of for 
1 mol NaOH dm-3 | Fe2O3 | TiO2 | Ti electrode at 
10 kHz. 
The effects of increasing the thickness of interfacial TiO2 will be discussed further in Chapter 7.2.1.2. 
The results suggested that having increased the thickness of interfacial TiO2 for a non-heat treated 
Fe2O3 from 7 nm to 15 nm, the flat band potential did not change (Figure 7-14) and there was a slight 
increase in photocurrent densities which could be related to the photo-generated charge 
contributed by the thicker TiO2. Considering the absorption coefficient of Fe2O3 at 450 nm was about 
1.6 x 107 m-1, the absorption depth was ca. 62 nm. All the incident photon flux directed onto the 
Fe2O3 | TiO2 | Ti composite photo-anode would not have been absorbed fully by the Fe2O3, so the 
residual photons with wavelengths < 390 nm (Eg(TiO2) = 3.2 eV) would have been absorbed by TiO2.  
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
Heat treated Fe2O3 | 22 nm TiO2 | Ti
Non-heat treated Fe2O3
| 7 nm TiO2 | Ti
y = 1.36E+03x + 6.18E+02
y = 4.15E+03x + 2.71E+03
0.0E+00
5.0E+02
1.0E+03
1.5E+03
2.0E+03
2.5E+03
3.0E+03
3.5E+03
4.0E+03
4.5E+03
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1
/ 
C
p
2
 /
 m
4
F-
2
Electrode potential ( vs. HgO | Hg) / V
Fe2O3 | 22 nm TiO2 | Ti
Fe2O3 | 7 nm TiO2 | Ti
EFB = – 0.654  V
ND = 1.45 x 10
25 m-3
EFB = – 0.456  V
ND = 4.33 x 10
25 m-3
115 
 
  
Figure 7-13: Cyclic photo-voltammograms 
(10 mV s-1) for 1 mol NaOH dm-3 | Fe2O3 | TiO2 | 
Ti electrode, under 40 W m-2 white (Xe) light 
illumination. 
Figure 7-14: Mott-Schottky plots for 
1 mol NaOH dm-3 | Fe2O3 | TiO2 | Ti electrodes 
with 7 nm and 15 nm thick TiO2 interfacial layers 
at 10 kHz. 
7.2.1.2. Effect of Interfacial TiO2 Layer Thickness 
During the spray pyrolytic deposition of 23 nm Fe2O3 on a heated Ti substrate, thermally-induced 
growth of TiO2 is unavoidable, before the Fe2O3 deposit partially inhibits further growth of TiO2. 
Hence, the effect was investigated of TiO2 thickness on the magnitudes of subsequent photocurrent 
densities achieved with the photo-anodes, by prior electrochemical growth of nominally 6 nm and 
12 nm TiO2 on a polished titanium foil, compared with one without such growth. The heat treatment 
of the samples further increased the thickness of TiO2, and the actual thickness of the TiO2 was 
measured by secondary ion mass spectrometry (SIMS). Table 9 shows that pre-grown TiO2 inhibited 
the subsequent thermal growth of TiO2 during the spray pyrolysis deposition and heat treatment.  
Table 9: Summary of actual thickness of interfacial TiO2 thickness after heat treatment 
Pre-grown TiO2 film thickness / nm Actual thickness of TiO2 / nm 
0 20 
6 22 
12 16 
 
Figure 7-15 shows the effect of the TiO2 film thickness on normalised current density-potential 
profile of Fe2O3 | TiO2 | Ti under white (Xe) light illumination. Highest (normalised) photocurrents 
were detected with the thickest interfacial TiO2 thickness, because TiO2 also absorbed photons and 
injected photo-generated holes into Fe2O3, so increasing photocurrents. Photocurrents of the 
electrode with 16 nm thick interfacial TiO2 were greater than those of the 20 nm TiO2 sample, 
because the former had a pre-grown anatase phase [137], while the thermally grown of TiO2 at 500 
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oC would have been mostly the less photo-active rutile [165] phase, which would have increased the 
interfacial resistance. 
 
Figure 7-15: Cyclic voltammograms (10 mV s-1) of 23 nm Fe2O3 deposited on different thicknesses of 
TiO2 at TiO2 | Ti substrate. 
Although the results reported here show that a thicker (anatase) TiO2 film produced greater 
photocurrents, this does not imply that a thicker TiO2 is always desirable. In the present case, TiO2 
could act only as a secondary photo-anode (like a tandem cell), because the Fe2O3 was very thin. The 
absorption depth of Fe2O3 would have been 63 nm corresponding to a wavelength of 500 nm [82], 
so if 63 nm of Fe2O3 were deposited onto titanium, all the photons energy would have been 
absorbed by Fe2O3. TiO2 is also not a good choice to build a tandem cell structure with Fe2O3, 
because the position of the conduction band edge of TiO2 lies at a greater energy level than the 
conduction band edge of Fe2O3 (Figure 7-16), creating a Schottky-barrier [34].  
Figure 7-16 shows that there are 2 different possible band structures at the n-n semiconductor 
junction. In both cases, photo-generated electrons would need to overcome this Schottky-barrier. 
However, depending on the applied electrode potential, which determines the net Fermi energy 
level, the majority of the electrons could accumulate in the bulk of Fe2O3 (Figure 7-16A), or at the n-
n junction (Figure 7-16B) and recombine with photo-generated holes. The ideal structure would be 
fabricated by depositing ca. 63 nm of Fe2O3 onto Ti substrate with minimum thickness (< 1 nm to 
allow electron tunnelling [166]) of TiO2 at the interface. Spray pyrolysis may not be the best choice 
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of deposition technique, as the growth of TiO2 is dependent on the temperature and time [165] for 
which the titanium substrate remains on the hot plate.  
 
Figure 7-16: Band structure of n-n semiconductor junction when A) applied electrode potential is 
positive to both the Fermi energy level of Fe2O3 and TiO2; B) applied electrode potential is positive to 
the Fermi energy level of TiO2 but negative to that of Fe2O3.  
7.2.2. Comparison of Fe2O3 on FTO and Titanium Substrates 
Figure 7-17 shows a comparison of the photo-electrochemical performances of Fe2O3 | TiO2 | Ti and 
Fe2O3 | FTO, with the former photo-anode producing higher normalised photocurrents (since 
photocurrent was linearly proportional to the light intensity, see chapter 6.5) at electrode potentials 
greater than 0.3 V (vs. HgO|Hg). At 0.5 V (vs. HgO|Hg), the normalised photocurrent density of Fe2O3 
| TiO2 | Ti was ca. 310
-2 A W-1, which is 3 times greater than the normalised photocurrent density of 
Fe2O3 | FTO material with almost the same thickness (ca. 23 nm) of Fe2O3. 
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Figure 7-17: Cyclic voltammogram (10 mV s-1) of Fe2O3 | TiO2 | Ti and Fe2O3 | FTO under white (Xe) 
light irradiation, in 1 M NaOH solution. 
An exponential increase in current density for Fe2O3 | FTO above 0.65 V (vs. HgO|Hg) was detected, 
due to the increase in dark current. The SEM image in Figure 7-18A shows that the Fe2O3 on FTO had 
an open structure, with a significantly greater electrode | electrolyte area than its geometric area. 
By contrast, the Fe2O3 | TiO2 | Ti (Figure 7-18B) was a rather dense material with lower real : 
geometric area ratio and so a smaller area for dark current. 
 
Figure 7-18: SEM image of 23 nm of Fe2O3 deposited onto A) TEC-8 FTO substrate ; B) 22nm TiO2 | Ti 
substrate. 
TiO2 is an intrinsic n-type semiconductor (band gap 3.2 eV), which absorbs light at wavelengths 
< 390 nm, so would also have contributed to the measured photocurrent. Since the Fe2O3 was only 
ca. 23 nm thick (Figure 7-19), most of the incident photons would have passed through it and been 
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absorbed by the TiO2 and reflected by the mirror-like titanium substrate for further Fe2O3 
absorption. 
 
Figure 7-19: Depth profile of Fe2O3 deposited on electrochemically grown 6 nm TiO2 after heat 
treatment at 500 oC for 1 hour. 
Figure 7-20 shows that with a UV filter and using the Beer-Lambert law (see chapter 2) to correct 
current densities for absorption due to reflection, current densities of Fe2O3 | 22 nm TiO2 | Ti 
matched those of Fe2O3 | (TEC-8) FTO after the 2
nd pass of light absorption, assuming absorption 
coefficient of Fe2O3 to be 1.610
7 m-1 [82]. Calculations and the light spectrum before and after 
applying the UV filter can be found in appendix B.   
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Figure 7-20: Cyclic voltammograms (10 mV s-1) of heat treated Fe2O3 deposited on 22 nm TiO2 | Ti 
substrate under white (Xe) light illumination, with and without UV filter and correction for 
reflectance. 
 
7.3. Concluding remarks 
Potential and current density distributions are important considerations when scaling-up 
electrochemical processes. A modified Wagner number was derived, which includes the effect of 
substrate sheet resistance on potential and current density distributions. This dimensionless number 
provides a quick and simple insight of the extent of potential and current density distributions.  
The use of metallic substrates such as titanium would alleviate the problem of lateral potential 
distributions, but their oxidation introduces additional resistance normal to electrode | electrolyte 
interfaces. Results showed that titanium with a mirror-like finish, coated with layers of Fe2O3 of 
thickness less than its absorption length, would result in photon reflection at the Ti | TiO2 interface, 
back through the Fe2O3, so increasing the extent of photon absorption per unit thickness of the 
semiconductor. Titanium could be a possible substitute the use of FTO as substrate, but the decision 
on which substrate to use would depends on the cost of titanium sheets and cost of FTO, which 
would also require embedded and encapsulated silver wire grid as current collector [167]. 
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Conclusion 
Results presented in this thesis have shown that the development of efficient photo-electrochemical 
reactors can be approached from 2 perspectives: the photo-electrode materials development and 
the reactor design.  
Fe2O3 photo-anodes were produced by spray pyrolysis with onset potentials for photo-oxidation of 
water at ca. 0.2 V (vs. HgO|Hg) and photocurrents of ca. 1-2 A m-2 under 30 W m-2 (Figure 5-22, page 
65). Fe2O3 produced from a FeCl3 precursor gave an open structure, which had higher real surface 
area, and so was considered the preferred choice of precursor (Figure 5-4, page 56). Mott-Schottky 
plots of capacitance-potential data for the Fe2O3 anodes deviated from the ideal semiconductor 
behaviour, possibly due to formation of surface species which are yet to be identified. Post-
deposition heat treatment was found to be necessary to ensure complete conversion of Fe2O3, 
reorganisation of SnIV-dopants and enhanced crystallinity. Sn4+ was found to be the desired oxidation 
state for Sn-doping, which decreased significantly the ratio of photo-generated charge 
recombination rates to charge transfer rates (Chapter 5.2.2, page 66).  
A kinetic model of photo-generated charge carriers was developed, from results of which the 
following conclusions were drawn: 
 Optimum Fe2O3 film properties (e.g. film thickness and donor density) could be derived 
based on the fitted kinetic parameters (Chapter 5.3.2, page 71). 
 The photocurrent generated was linearly proportional to the light intensity (Chapter 6.5, 
page 94). 
 Having the electrode illuminated from the electrolyte | Fe2O3 side produced higher 
photocurrent densities, as the rate of photo-driven reaction was limited by the photo-
generated charge (Chapter 6.2.1, page 85). 
A photo-electrochemical reactor which could accommodate 0.1 x 0.1 m2 Fe2O3 photo-anodes was 
designed and operated to investigate the scale-up parameters of the process. A model of the reactor 
was developed and results suggested that fluorine-doped tin oxide (FTO) glass was not a suitable 
substrate for electrodes of 0.1 x 0.1 m2 size. Large potential and hence current density distributions 
were predicted due to sheet resistance of the FTO (Chapter 7.1, page 105). Photocurrent densities 
and hence hydrogen production rates were an order of magnitude lower than those Fe2O3 on FTO of 
3 x 3 mm2. Fe2O3 was then deposited onto titanium substrates, which produced greater 
photocurrent densities than those of Fe2O3 onto FTO. The main enhancement in photocurrent 
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densities in ca. 23 nm (<
2 3
1
, 63 nmFe O
   ) Fe2O3 | Ti electrodes was due to the reflection from the 
well-polished titanium substrate doubling the effect path length for light absorption (Chapter 7.2.2, 
page 117). TiO2 was grown by thermal oxidation of the Ti substrate in the process of depositing 
Fe2O3 by spray pyrolysis. The TiO2 at the Fe2O3 |Ti interface could act as a secondary photo-anode, if 
the Fe2O3 was thinner than the absorption depth. However, the growth of TiO2 was undesirable as 
the conduction band edge of TiO2 was greater than Fe2O3, creating a Schottky barrier, which could 
be a recombination centre for photo-generated charge.  
The photo-electrochemical reactor was operated from room temperature up to 45 oC; it was found 
that the recombination rate of photo-generated charge increased at a greater rate compared to the 
rate of water oxidation (Chapter 6.6, page 95). Bubble formation on the electrode surface could 
increase interfacial resistance and reflect light. It was desirable to supress the formation of bubbles 
on the surface; a model coupling the hydrodynamic with the electrochemical source terms, 
predicted that this was possible by increasing electrolyte flowrate. This would transport the 
dissolved gas convectively away from the electrode surface before supersaturation of gas occurred 
(Chapter 6.4, page 89). The maximum allowable electrolyte flowrate of the first reactor prototype 
was restricted due to the reactor geometry. A new reactor prototyped was designed and the 
hydrodynamics of the reactor had been significantly improved. Due to low photocurrent densities of 
the 0.1 x 0.1 m2 Fe2O3 in the reactor, the hydrogen yield could not be measured accurately. The 
highest solar to hydrogen conversion efficiency was calculated to be ca. 0.16 % (Chapter 6.5.1, page 
100). The reliability of hydrogen production rate measurements was questionable and hence these 
derived efficiencies were subject to uncertainty. 
Future work proposal 
SEM micrographs showed the differences in morphology for Fe2O3 produced from FeCl3 and 
Fe(acac)3, and the real surface area was estimated with image analysis software, treating the image 
as a 2D surface, despite that the deposited Fe2O3 showed 3D features. There were still uncertainties 
in the measurement of donor densities and flat band potentials, as the impedance measurements 
did not fit the Mott-Schottky model. Alternative measurement techniques would be used, such as 
Hall effect measurements [168] for the resistivity and donor densities by the equation 
1/ ( )De N    [147], where e is the elementary charge, μ is the electron mobility and ND as the 
donor density. The flat band potential could be approximated from measuring the work function of 
the (dry) Fe2O3 using a Kelvin probe. The formation of surface species such as HO2
- and FeVI was 
suggested as part of the multi-step oxygen evolution reaction, so the use of (e.g. IR) spectroscopy to 
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identify such intermediate species could provide important evidence of formation of species such as 
HO2
-. 
A limited number of experiments were carried out to quantify the hydrogen production yield; more 
experiments are needed to further evaluate the reactor’s performance. Hydrogen detection through 
the membrane inlet mass spectrometer has yet to be critically evaluated, and experiments with 
Fe2O3 on Ti substrate may be used as the electrode in order to fully utilise the full surface area of the 
electrode. 
The photo-electrochemical reactor with Fe2O3 photo-anodes suffers from a major drawback of not 
being capable of spontaneous water splitting, being limited to photo-assisted electrolysis, as it 
requires a source of electrical bias. This technology would most likely be unable to compete with a 
photovoltaic-electrolyser system. Therefore, it is important to design such systems that do not 
require electrical bias in addition to solar irradiation. One possible option would be to couple 
hydrogen generation to an alternative reaction that is less energy demanding than water oxidation. 
This would provide new opportunities for photo-electrochemical technology as materials that could 
harvest more into the visible spectrum could then be used, since stability under oxygen evolution 
conditions are then no longer a pre-requisite. 
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Appendix A. Materials Measurement 
Blank TEC 8 FTO substrate 
 
Figure A-1: Cyclic voltammogram (10 mV s-1) of blank TEC-8 FTO in 1M NaOH 
 
Figure A-2: Mott-Schottky plot of blank TEC-8 FTO at 10 kHz. 
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Figure A-3: Electrochemical Impedance spectra 
of blank TEC-8 FTO, at 0.65 – 0.75 V (vs. 
HgO|Hg). 
 
Figure A-4: Electrochemical Impedance spectra 
of blank TEC-8 FTO, at 0 – 0.65 V (vs. HgO|Hg). 
Undoped Fe2O3 from FeCl3 
Non-heat treated 
 
Figure A-5: UV absorption spectrum of undoped, non-heat treated Fe2O3 deposited from FeCl3. 
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Figure A-6: Estimation of the absorption coefficient at 450 nm, for undoped, non-heat treated Fe2O3 
deposited from FeCl3. 
 
Figure A-7: ‘Dark’ cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (chloride) in 
1 M NaOH. 
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Figure A-8: Mott-Schottky plot of undoped, non-heat treated Fe2O3 (chloride) at 10 kHz. 
 
Figure A-9: Cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (chloride) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
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Figure A-10: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, non-heat treated Fe2O3 (chloride). 
Heat treated 
 
Figure A-11: UV absorption spectrum of undoped, heat treated Fe2O3 deposited from FeCl3. 
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Figure A-12: Estimation of the absorption coefficient at 450 nm, for undoped, heat treated Fe2O3 
deposited from FeCl3. 
 
Figure A-13: ‘Dark’ cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (chloride) in 1 M 
NaOH. 
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Figure A-14: Mott-Schottky plot of undoped, non-heat treated Fe2O3 (chloride) at 10 kHz. 
 
Figure A-15: Cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (chloride) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
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Figure A-16: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, heat treated Fe2O3 (chloride). 
Undoped Fe2O3 from Fe(ACAC)3 
Non-heat treated 
 
Figure A-17: UV absorption spectrum of undoped, non-heat treated Fe2O3 deposited from Fe(acac)3. 
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Figure A-18: Estimation of the absorption coefficient at 450 nm, for undoped, non-heat treated 
Fe2O3 deposited from Fe(acac)3. 
 
Figure A-19: ‘Dark’ cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (acac) in 1 
M NaOH. 
y = 0.0134x + 0.0555
0
0.2
0.4
0.6
0.8
1
1.2
0 20 40 60 80
A
b
so
rb
an
ce
 /
 A
U
Film thickness / nm
Absorption coefficient ~ 1.34 x 107 m-1
-0.02
-0.01
0.00
0.01
0.02
0.03
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
80L
60L
40L
141 
 
 
Figure A-20: Mott-Schottky plot of undoped, non-heat treated Fe2O3 (acac) at 10 kHz. 
 
Figure A-21: Cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (acac) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
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Figure A-22: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, non-heat treated Fe2O3 (acac). 
Heat treated 
 
Figure A-23: UV absorption spectrum of undoped, heat treated Fe2O3 deposited from Fe(acac)3. 
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Figure A-24: Estimation of the absorption coefficient at 450 nm, for undoped, heat treated Fe2O3 
deposited from Fe(acac)3. 
 
Figure A-25: ‘Dark’ cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (acac) in 1 M 
NaOH. 
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Figure A-26: Mott-Schottky plot of undoped, heat treated Fe2O3 (acac) at 10 kHz. 
 
Figure A-27: Cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (acac) in 1 M NaOH, 
under 30 W m-2 white Xe illumination. 
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Figure A-28: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, heat treated Fe2O3 (acac). 
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Figure A-29: UV absorption spectrum of Sn-doped, non-heat treated Fe2O3 deposited from FeCl3. 
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Figure A-30: Estimation of the absorption coefficient at 450 nm, for Sn-doped, non-heat treated 
Fe2O3 deposited from FeCl3. 
 
Figure A-31: ‘Dark’ cyclic voltammogram (10 mV s-1) of Sn-doped, non-heat treated Fe2O3 (chloride) 
in 1 M NaOH. 
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Figure A-32: Mott-Schottky plot of Sn-doped, non-heat treated Fe2O3 (chloride) at 10 kHz. 
 
Figure A-33: Cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (chloride) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
0.00E+00
2.00E+02
4.00E+02
6.00E+02
8.00E+02
1.00E+03
1.20E+03
0.00E+00
2.00E+01
4.00E+01
6.00E+01
8.00E+01
1.00E+02
1.20E+02
1.40E+02
-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1
/ 
C
p
 2
 /
m
4
 F
-2
Electrode potential ( vs. HgO | Hg) / V
80L EFB = - 0.345 V  ND=1.99e27 
60L EFB = - 0.292 V  ND=1.28e27 
40L EFB = - 0.081 V  ND=3.18e25 
20L EFB = - 0.336 V  ND=4.38e26 
-2.00
0.00
2.00
4.00
6.00
8.00
10.00
-0.4 -0.2 0 0.2 0.4 0.6 0.8
C
u
rr
e
n
t 
D
e
n
si
ty
 A
 m
-2
Electrode Potential (vs HgO|Hg) / V
80 L
60 L
20 L
40 L
148 
 
 
Figure A-34: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, non-heat treated Fe2O3 (chloride). 
Heat treated 
 
Figure A-35: UV absorption spectrum of Sn-doped, heat treated Fe2O3 deposited from FeCl3. 
-1.0E-02
0.0E+00
1.0E-02
2.0E-02
3.0E-02
4.0E-02
5.0E-02
6.0E-02
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
N
o
rm
al
is
e
d
 P
h
o
to
cu
rr
e
n
t 
D
e
n
si
ty
 /
 A
 W
-1
Electrode Potential (vs HgO|Hg) / V
80L
60L
20L
40L
0
0.5
1
1.5
2
2.5
3
300 400 500 600 700 800
A
b
so
rb
an
ce
 /
 A
U
Wavelength / nm
20L
40L
60L
80L
No. of 
Layers
Thickness 
(nm)
20 18.3
40 32.2
60 38.8
80 46.7
149 
 
 
Figure A-36: Estimation of the absorption coefficient at 450 nm, for Sn-doped, heat treated Fe2O3 
deposited from FeCl3. 
 
Figure A-37: ‘Dark’ cyclic voltammogram (10 mV s-1) of Sn-doped, heat treated Fe2O3 (chloride) in 1 
M NaOH. 
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Figure A-38: Mott-Schottky plot of Sn-doped, heat treated Fe2O3 (chloride) at 10 kHz. 
 
Figure A-39: Cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (chloride) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
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Figure A-40: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, heat treated Fe2O3 (chloride). 
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Non-heat treated 
 
Figure A-41: UV absorption spectrum of Sn-doped, non-heat treated Fe2O3 deposited from Fe(acac)3. 
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Figure A-42: Estimation of the absorption coefficient at 450 nm, for Sn-doped, non-heat treated 
Fe2O3 deposited from Fe(acac)3. 
 
Figure A-43: ‘Dark’ cyclic voltammogram (10 mV s-1) of Sn-doped, non-heat treated Fe2O3 (acac) in 1 
M NaOH. 
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Figure A-44: Mott-Schottky plot of Sn-doped, non-heat treated Fe2O3 (acac) at 10 kHz. 
 
Figure A-45: Cyclic voltammogram (10 mV s-1) of undoped, non-heat treated Fe2O3 (acac) in 1 M 
NaOH, under 30 W m-2 white Xe illumination. 
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Figure A-46: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, non-heat treated Fe2O3 (chloride). 
Heat treated 
 
Figure A-47: UV absorption spectrum of Sn-doped, heat treated Fe2O3 deposited from Fe(acac)3. 
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Figure A-48: Estimation of the absorption coefficient at 450 nm, for Sn-doped, heat treated Fe2O3 
deposited from Fe(acac)3. 
 
Figure A-49: ‘Dark’ cyclic voltammogram (10 mV s-1) of Sn-doped, heat treated Fe2O3 (acac) in 1 M 
NaOH. 
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Figure A-50: Mott-Schottky plot of Sn-doped, heat treated Fe2O3 (acac) at 10 kHz. 
 
Figure A-51: Cyclic voltammogram (10 mV s-1) of undoped, heat treated Fe2O3 (acac) in 1 M NaOH, 
under 30 W m-2 white Xe illumination. 
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Figure A-52: White Xe light intensity normalised photocurrent-electrode potential scan (10 mV s-1) of 
undoped, heat treated Fe2O3 (chloride). 
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Appendix B. Supplementary data 
 
Figure B-1: Thermodynamic calculations of the gibbs free energy of various iron oxides. 
 
Figure B-2: Calculated partial pressure of oxygen corresponding to the stable iron oxide species 
based on the gibbs free energy of reaction. 
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Figure B-3: Experimental and model calculation of limiting current density at various electrolyte pH, 
showing that the experimental limiting current was not OH- transport limited.  
 
Figure B-4: Predicted O-H potential pH diagram at 298K, 1 atm, and 10-5 hydoxy species activity.  
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Figure B-5: UV absorption spectrum of the same Fe2O3, before and after passing 0.73 C (holding 
electrode potential of 0.8 V vs. HgO | Hg, current density of 4 Am-2, for 30 minutes, 30 Wm-2 white 
Xe light illumination on 1cm2 superficial area) 
 
Figure B-6: Calculated reversible potential of HgO|Hg at various temperature. 
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Figure B-7: Calibration for H2 production rate corresponds to mass spectrometer signal. 
 
Figure B-8: Mass spectrometer readings for hydrogen production rate calibration, operating at 0.6 V, 
0.7 V, and 0.8 V (vs. HgO|Hg) under 300 W m-2 solar simulator illumination. 
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Figure B-9: Current – time measurement operating at 0.6 V, 0.7 V, and 0.8 V (vs. HgO|Hg) in the 
dark. 
 
Figure B-10: Current – time measurement operating at 0.6 V, 0.7 V, and 0.8 V (vs. HgO|Hg) ) under 
300 W m-2 solar simulator illumination. 
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Calculation for multiple pass light absorption using polished Ti substrate 
 
Figure B-11: Schematic showing the light absroption profile in Fe2O3 when A) Polished Ti substrate 
and B) FTO substrate was used. 
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Where n is the no. of pass for light absorption. In this case, n = 2 
In the case for FTO substrate, light absorbed is  10
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Correcting the current density with respect to the 2nd pass light absorption will be multiplying the 
current density with the correction factor, K  
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Appendix C. Model codes 
Maple code 
Calculation of the gibbs free energy of iron oxides and its respective partial pressure: 
 
Constants  
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Enthalpy 
 
t:=T/1000: 
#...Fe 
HFe:= HfFe + 
piecewise(T<700,int((A1Fe+B1Fe*t+C1Fe*(t)^(2)+D1Fe*(t)^(3)+E1Fe/(t)^
(2)),T=298.15..T,AllSolutions),T>=700,int((A1Fe+B1Fe*t+C1Fe*(t)^(2)+
D1Fe*(t)^(3)+E1Fe/(t)^(2)),T=298.15..700, 
AllSolutions)+int((A2Fe+B2Fe*t+C2Fe*(t)^(2)+D2Fe*(t)^(3)+E2Fe/(t)^(2
)),T=700..T, AllSolutions)): #... J mol^-1 
#...FeO 
HFeO:=HfFeO+int((AFeO+BFeO*t+CFeO*(t)^(2)+DFeO*(t)^(3)+EFeO/(t)^(2))
,T=298.15..T, AllSolutions): 
#...Fe3O4 
HFe3O4:=HfFe3O4 
+piecewise(T<900,int((A1Fe3O4+B1Fe3O4*t+C1Fe3O4*(t)^(2)+D1Fe3O4*(t)^
(3)+E1Fe3O4/(t)^(2)),T=298.15..T, AllSolutions),T>=900, 
int((A1Fe3O4+B1Fe3O4*t+C1Fe3O4*(t)^(2)+D1Fe3O4*(t)^(3)+E1Fe3O4/(t)^(
2)),T=298.15..900, AllSolutions) + 
int((A2Fe3O4+B2Fe3O4*t+C2Fe3O4*(t)^(2)+D2Fe3O4*(t)^(3)+E2Fe3O4/(t)^(
2)),T=900..T, AllSolutions)): 
#...Fe2O3 
HFe2O3:=HfFe2O3 
+piecewise(T<950,int((A1Fe2O3+B1Fe2O3*t+C1Fe2O3*(t)^(2)+D1Fe2O3*(t)^
(3)+E1Fe2O3/(t)^(2)),T=298.15..T, AllSolutions),T>=950, 
int((A1Fe2O3+B1Fe2O3*t+C1Fe2O3*(t)^(2)+D1Fe2O3*(t)^(3)+E1Fe2O3/(t)^(
2)),T=298.15..950, AllSolutions) + 
int((A2Fe2O3+B2Fe2O3*t+C2Fe2O3*(t)^(2)+D2Fe2O3*(t)^(3)+E2Fe2O3/(t)^(
2)),T=950..T, AllSolutions)): 
#...O2 
HO2:=HfO2 + piecewise 
(T<700,int((A1O2+B1O2*t+C1O2*(t)^(2)+D1O2*(t)^(3)+E1O2/(t)^(2)),T=29
8.15..T, AllSolutions), T>=700, 
int((A1O2+B1O2*t+C1O2*(t)^(2)+D1O2*(t)^(3)+E1O2/(t)^(2)),T=298.15..7
00, AllSolutions)+ 
int((A2O2+B2O2*t+C2O2*(t)^(2)+D2O2*(t)^(3)+E2O2/(t)^(2))/1000,T=700.
.T, AllSolutions)): 
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> #...Fe to form FeO 
HrxnFeO:=2*HFeO-HO2-2*HFe: 
 
#...FeO to form Fe3O4 
HrxnFe3O4:=2*HFe3O4-HO2-6*HFeO: 
 
#...Fe3O4 to form Fe2O3 
HrxnFe2O3:=6*HFe2O3-HO2-4*HFe3O4: 
 
Entropy 
t:=T/1000: 
#...Fe 
STFe:= SFe + 
piecewise(T<700,int((A1Fe+B1Fe*t+C1Fe*(t)^(2)+D1Fe*(t)^(3)+E1Fe/(t)^
(2))/T,T=298.15..T, 
AllSolutions),T>=700,int((A1Fe+B1Fe*t+C1Fe*(t)^(2)+D1Fe*(t)^(3)+E1Fe
/(t)^(2))/T,T=298.15..700,AllSolutions)+int((A2Fe+B2Fe*t+C2Fe*(t)^(2
)+D2Fe*(t)^(3)+E2Fe/(t)^(2))/T,T=700..T,AllSolutions)): 
#...FeO 
STFeO:=SFeO+int((AFeO+BFeO*t+CFeO*(t)^(2)+DFeO*(t)^(3)+EFeO/(t)^(2))
/T,T=298.15..T,AllSolutions): 
#...Fe3O4 
STFe3O4:=SFe3O4 + 
piecewise(T<900,int((A1Fe3O4+B1Fe3O4*t+C1Fe3O4*(t)^(2)+D1Fe3O4*(t)^(
3)+E1Fe3O4/(t)^(2))/T,T=298.15..T, 
AllSolutions),T>=900,int((A1Fe3O4+B1Fe3O4*t+C1Fe3O4*(t)^(2)+D1Fe3O4*
(t)^(3)+E1Fe3O4/(t)^(2))/T,T=298.15..900,AllSolutions)+int((A2Fe3O4+
B2Fe3O4*t+C2Fe3O4*(t)^(2)+D2Fe3O4*(t)^(3)+E2Fe3O4/(t)^(2))/T,T=900..
T,AllSolutions)): 
#...Fe2O3 
STFe2O3:=SFe2O3 + 
piecewise(T<950,int((A1Fe2O3+B1Fe2O3*t+C1Fe2O3*(t)^(2)+D1Fe2O3*(t)^(
3)+E1Fe2O3/(t)^(2))/T,T=298.15..T, 
AllSolutions),T>=950,int((A1Fe2O3+B1Fe2O3*t+C1Fe2O3*(t)^(2)+D1Fe2O3*
(t)^(3)+E1Fe2O3/(t)^(2))/T,T=298.15..950,AllSolutions)+int((A2Fe2O3+
B2Fe2O3*t+C2Fe2O3*(t)^(2)+D2Fe2O3*(t)^(3)+E2Fe2O3/(t)^(2))/T,T=950..
T,AllSolutions)): 
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#...O2 
STO2:=SO2 + 
piecewise(T<700,int((A1O2+B1O2*t+C1O2*(t)^(2)+D1O2*(t)^(3)+E1O2/(t)^
(2))/T,T=298.15..T, 
AllSolutions),T>=700,int((A1O2+B1O2*t+C1O2*(t)^(2)+D1O2*(t)^(3)+E1O2
/(t)^(2))/T,T=298.15..700,AllSolutions)+int((A2O2+B2O2*t+C2O2*(t)^(2
)+D2O2*(t)^(3)+E2O2*(t)^(4))/T,T=700..T,AllSolutions)): 
 
#...Fe to form FeO 
SrxnFeO:=2*STFeO-STO2-2*STFe: 
 
#...FeO to form Fe3O4 
SrxnFe3O4:=2*STFe3O4-STO2-6*STFeO: 
 
#...Fe3O4 to form Fe2O3 
SrxnFe2O3:=6*STFe2O3-STO2-4*STFe3O4: 
 
Gibbs 
> #... Fe forming FeO 
GrxnFeO:=HrxnFeO-T*SrxnFeO: 
 
#... FeO forming Fe3O4 
GrxnFe3O4:=HrxnFe3O4-T*SrxnFe3O4: 
 
#...Fe3O4 forming Fe2O3 
GrxnFe2O3:=HrxnFe2O3-T*SrxnFe2O3: 
 
Partial pressure of oxygen for formation of respective iron oxide 
#...FeO 
PO2FeO:=GrxnFeO / (ln(10)*8.3145*T): 
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#...Fe3O4 
PO2Fe3O4:=GrxnFe3O4 / (ln(10)*8.3145*T): 
 
#...Fe2O3 
PO2Fe2O3:=GrxnFe2O3 / (ln(10)*8.3145*T): 
 
Plot data and export data 
plot([HrxnFeO, HrxnFe3O4, HrxnFe2O3 ], T=298.15..1000, title= 
"Enthalpy energy change", legend=[ "FeO", "Fe3O4", "Fe2O3"], 
titlefont=["TIMES",12], labels=["Temperature/K", "Enthalpy energy 
change/ J mol^-1"], labelfont=["TIMES",12], linestyle=[solid], 
axesfont=["TIMES",12], legendstyle=[font=["TIMES",12], 
location=right]); 
 
plot([SrxnFeO, SrxnFe3O4, SrxnFe2O3 ], T=298.15..1000, title= 
"Entropy change", legend=["FeO", "Fe3O4", "Fe2O3"], 
titlefont=["TIMES",12], labels=["Temperature/K", "Entropy change / J 
mol^-1 K^-1"], labelfont=["TIMES",12], linestyle=[solid], 
axesfont=["TIMES",12], legendstyle=[font=["TIMES",12], 
location=right]); 
 
plot([GrxnFeO, GrxnFe3O4, GrxnFe2O3 ], T=298.15..1000, title= "Gibbs 
free energy change", legend=["FeO", "Fe3O4", "Fe2O3"], 
titlefont=["TIMES",12], labels=["Temperature/K", "Gibbs free energy 
change / J mol^-1"], labelfont=["TIMES",12], linestyle=[solid], 
axesfont=["TIMES",12], legendstyle=[font=["TIMES",12], 
location=right]); 
 
plot([PO2FeO, PO2Fe3O4, PO2Fe2O3 ], T=298.15..1000, title= "Partial 
pressure of O2", legend=["FeO", "Fe3O4", "Fe2O3"], 
titlefont=["TIMES",12], labels=["Temperature/K", "Log(PO2)"], 
labelfont=["TIMES",12], linestyle=[solid], axesfont=["TIMES",12], 
legendstyle=[font=["TIMES",12], location=right]); 
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COMSOL code 
Kinetic modelling of charge transport species: 
List of parameters: 
Parameters Value Units Description 
Thick 36 nm Thickness of Fe2O3 
V0 0.5 V Extent of band bending / electrode potential 
vs. Flat band 
ε 24.1  Dielectric constant for Fe2O3 
hv0 0.75 Wm-2 Incident light intensity at 450nm wavelength 
ND 3.11e25 m-3 Donor density 
EFb -0.134 V Flat band potential 
Wave 450 nm Wavelength  
α 1.61e7 m-1 Absorption coefficient at 450 nm 
Lh 6 nm Diffusion length of holes 
Dh (Lh2)*krecom m2s-1 Diffusion coefficient of holes 
pH 14  pH 
a2 0.5  Exchange transfer coefficient for reaction 2 
a3 0.7  Exchange transfer coefficient for reaction 3 
Epv 0.5 V Photovoltage 
 
Fitted parameters: 
Parameters Value Units Description 
krecom 2.8x108 s-1 Recombination rate constant 
k_20 6.5 x103 m3mol-1s-1  
k_30 10 s-1  
Surfcov 5 x10-4 mol m-2  
K2 1 x10-2 m3 mol-1 Equilibrium constant for reaction 2 
 
Variables: 
Rate constants: 
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Reaction and flux: 
   12 2 3Flux on surface surfcov 1hk c k k  
             
   12 2 2surfcov 1hrxn k c k 
           
 3 3surfcovrxn k      
Overpotentials: 
 
2
2 |
0
OH HO
overpot V E Epv     
 
2 2
3 |
0
HO O
overpot V E Epv     
Model physics: 
The physics used in COMSOL was transport in diluted species with only diffusion and migration: 
 0
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The change in the fractional surface coverage: 
 
2 2 3(1 )h
d
k c k k
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Solving for the potential distribution / band bending with the Poisson equation: 
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Boundary conditions and initial conditions: 
For transport in diluted species: 
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Potential distribution / band bending: 
 ( 0) 0x V     
 0
x W
d
dx


   
Where W is the depletion layer width 
  
173 
 
Reactor model 
List of parameters: 
Parameters Value Units Description 
T 298 K Operating temperature 
DOH 9E-9 m2s-1 Hydroxide ion diffusion coefficient 
DNa 1.33E-9 m2s-1 Sodium ion diffusion coefficient 
Vcell 3 V Cell potential 
ja0 1e-2 Am-2 Anodic exchange current density 
jc0 10 Am-2 Cathodic exchange current density 
pH 14  pH 
a2 0.5  Exchange transfer coefficient for reaction 2 
a3 0.7  Exchange transfer coefficient for reaction 3 
Qin 150 ml min-1 Electrolyte feed flowrate 
 
List of variables: 
The mobility was defined as mechanical mobility in COMSOL, and can be related by Nernst Einstein 
equation: 
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Full butler-voltmer equation was used: 
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Model physics: 
Nernst-Planck equation was used to solve for the transport of ionic species in the electrolyte: 
,i i m i i i i iz F c D c c          uN  
The hydrodynamics was solved by the Navier-stokes equation: 
 p
t
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u
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Potential distribution was solved by the Laplace’s equation: 
 
2 2 2
2
2 2 2
0
x y z
     

  
       
 
174 
 
 
Boundary conditions, and initial conditions: 
Nernst-planck model: 
At anode, formation of O2 from OH
-:  
4
a
OH
j
N
F
 

  
At cathode, formation of H2 from H2O: 
2
c
OH
j
N
F


  
Initial condition: 
(14 )
0
10 pHOH tc
 

   
 
Potential distribution boundary conditions can be illustrated in Figure C-1. 
 
Figure C-1: 2D (top view) boundary conditions applied to solve for the potential and current 
distribution of the reactor system. 
Boundary condition for Navier-stokes equation: 
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